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Every day, enormous quantities of nutritious food are wasted in landfills across the globe. 
Agriculture and food production use intensive amounts of water, chemicals, and land, rendering 
food waste as a major environmental and economic concern.  New York State is currently 
considering legislation that would ban landfill disposal of food waste produced by large 
institutional generators, such as universities, hospitals, sports venues, restaurants, grocery stores, 
etc. Institutions have concentrated populations which generate predictable volumes of food waste 
and waste cooking oil. At the same time, these populations need heat, electricity, vehicle fuel, and 
soap. Developing a biorefinery system offers great potential to institutions and provides viable and 
sustainable utilization of various waste streams to generate energy via anaerobic digestion and 
biodiesel production process while simultaneously solving a waste disposal issue. However, the 
implementation of biorefinery systems at institutional food waste generators is just beginning, and 
data required to design the system and relevant case studies are very limited.  Recognizing the 
urgent need to find alternatives for the diversion of food waste from landfills, this dissertation has 
provided the technical and economic viability of decentralized, onsite biorefinery systems at 
institutional generators with a specific focus on large institutions generating, on average, more 
v 
 
than 1.8 metric tons of food waste per week (~91 t/year, equivalent to 100 short tons/year). The 
challenges and opportunities of these alternatives have also been considered in this dissertation.  
First, development of sustainable food waste management requires an integrated, 
interdisciplinary management structure which includes a good understanding of regional variations 
in food waste resources, waste treatment facilities and processing capacity in a specific geographic 
region. Currently, poor quality and unreliable data on food waste prohibits proceeding to efficient 
waste management.  These scarcities of data have led to a call for further research. To identify the 
research gaps, Chapter 2 begins with an assessment of reliable data on the quantity and types of 
food waste produced, transport of waste to treatment facilities, location of existing waste treatment 
facilities, and the amount of wastes that could potentially be treated at these facilities. Regions 3 
and 8, as defined by the New York State Department of Environmental Conservation (DEC), were 
chosen as case studies to the underlying challenges and potential opportunities. The information 
provided in this chapter can be an important resource for implementing future waste diversion 
strategies, and further indicate which policy attributes should be considered.  
In Chapter 3, an assessment was conducted of the technical challenges, economic 
feasibility and policy opportunities to adopt low-volume anaerobic digester (LVAD) systems, 
designated for deployment at the scale of an individual food waste generation site.  Food waste 
generators often have much lower volumes of organic material available for conversion than dairy 
farms or public-owned treatment works (POTW).  Small anaerobic digestion systems are not a 
new technology but have historically been implemented primarily in treating animal waste in 
developing countries. In the U.S., anaerobic digestion of food waste is usually achieved by co-
digestion with dairy manure in centralized facilities, while food waste-only anaerobic digestion is 
still emerging and public data or case studies necessary to establish this as a potential food waste 
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management pathway are lacking. Rochester Institute of Technology (RIT) was chosen as a case 
study to assess the viability of implementing an LVAD system utilizing campus organic waste.  It 
was demonstrated that the LVAD approach is economically feasible only if several conditions are 
met: biogas is utilized directly for thermal energy applications, thereby eliminating the 
capital/operation/maintenance costs associated with electricity production; system capital cost is 
reduced to $500,000 or less; and available feedstock is increased to at least 900 t/year by importing 
food waste from neighboring generators and collecting associated tipping fees. 
Chapter 4 documents an investigation of various solution pathways available to utilize 
another important institutional food waste material: waste cooking oil (WCO).  Institutions such 
as universities usually generate large amounts of waste cooking oil that can be suitable for 
production of biodiesel via the process of transesterification. The free fatty acid (FFA) content of 
waste cooking oil from institutional cafeterias is often lower than many other establishments (i.e., 
fast food restaurants), and thus has a greater value as a biodiesel feedstock, because the cooking 
oil replacement rate is often higher. The development of a closed-loop biodiesel production 
system, including utilization of crude glycerol as an ingredient for soap production, is compelling 
especially in a constrained system because the locations of WCO feedstock supply and biodiesel 
demand are in close proximity and controlled by a single entity. Biodiesel can be utilized by the 
RIT community in vehicles and other applications.  Crude glycerol can be refined and used to 
produce soap of varying quality and has potential as a value-added product. Potentially, the soap 
could be used in cafeterias and bathrooms across campus and dining services. This study indicated 
that using waste cooking oil for biodiesel production at the institutional scale could only be viable 
by generating the revenue from the sale of biodiesel and offsetting the cost of high quality liquid 
soap at retail price. 
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In Chapter 5, it was demonstrated that black soldier fly larvae (BSFL) could potentially 
reduce the amount of food waste needing to be landfilled in areas of concentrated generation, such 
as urban areas and institutions like universities and hospitals. BSFL have previously been used by 
home gardeners and large agricultural enterprises to transform food wastes and animal manures 
into feed for chickens or fish, while significantly reducing waste volumes. Bioconversion of food 
waste biomass with BSFL results in useful products such as protein rich insect biomass.  This 
study demonstrated that bio-methane potentials (BMP) of BSFL were higher than the potential of 
food waste and manures and 1.5 to 2 times higher than other representative feedstocks, including 
energy crops and algae. In addition, the yield of biomass per hectare of land used is much higher. 
BSFL could therefore be a viable feedstock for biogas production or as part of an integrated 
biorefinery system, and as an effective bioresource solution for the global problem of food waste 
management.  
Finally, it is uncertain that an on-site low volume anaerobic digestion system at institutional 
generators is most economically and environmentally beneficial.  Therefore, a model was 
developed to compare different potential food waste treatment scenarios: centralized anaerobic 
digestors (AD) at large confined animal feeding operations (CAFOs), centralized AD at landfills, 
centralized AD at waste water treatments plants, and low volume anaerobic digesters (LVADs) at 
individual food waste generation sites. Chapter 6 presents an assessment of the optimal food waste 
conversion options for particular spatial distributions of food waste materials in two geographical 
regions of New York State. The assessment was based on three economic indicators, including net 
present value (NPV), internal rate of return (IRR), and payback period (PP), to enable food system 
stakeholders to determine the most cost-effective food waste utilization strategy. The decision 
process considered was based on the availability of existing facilities (e.g., stand-alone AD, 
viii 
 
wastewater treatment plants with AD, and composting), available capacity of selected facilities, 
and available quantity of animal waste in each region.  This assessment demonstrated that capital 
cost plays a significant role in achieving economic viability, and tipping fees are often the major 
sources of revenues for these treatment facilities. Without offset of the capital investment from 
government entities in the form of grants, the economic viability of new facilities is challenging. 
Therefore, diverting food waste to WWTPs with excess capacity was identified as an important 
option that showed the most profitable scenario without considering environmental incentives and 
renewable energy credits.  
This dissertation focused on economic implications of alternative food waste conversion 
options for institutional generators, through the integration of conversion technologies using 
different waste feedstocks in a decentralized, on-site biorefinery architecture. In this sense, the 
biorefinery model was presented as a potential alternative to centralized large scale-systems that 
utilize wastes from multiple sources, often including transport of waste over large distances. This 
concept aimed at maximizing the utilization of food waste in a manner that enables institutional 
generators to benefit from organic material they generate during normal operation. The findings 
from this dissertation provide valuable information to small-scale food processors and institutions 
that currently send their solid waste to landfills or incinerators, paying disposal charges or sending 
it to anaerobic digestion, usually involving transport costs and tipping fees.  The method developed 
in this dissertation can be readily adapted by other institutions, and the information provided would 
assist entrepreneurs in achieving successful commercialization of small-scale food waste 








This dissertation would not have been possible without guidance and support that I received 
from many people including my family, friends, advisors, faculty, colleagues and many 
organizations.  
I am deeply indebted to my advisor Dr. Thomas Trabold for his significant role of my 
doctoral work. He gave me the freedom to explore whatever I wanted, even the silliest ideas. His 
valuable advice, constant feedback, and encouragement made this dissertation achievable.  My 
sincere appreciation goes my committee chair, Dr. Jeff Lodge for his support and valuable advice. 
I gratefully acknowledge my committee members, Dr. Roger Chen and Dr. Eugene Park for their 
time and valuable feedback. 
I owe a great deal of gratitude to Professor Sarah Brownell who always believed in me 
when I did not believe in myself. I could not even imagine myself to begin and complete this 
dissertation without her love and support.  I would like to thank Dr. Brian Thorn and Dr. Dawn 
Carter for their help and kind words.  
This Ph.D. study would not be possible without the help and corporation from my lab 
members, Jackie Ebner, and Swati Hedge. My thanks also go out to the support received through 
the collaborative work undertaken with the New York State Pollution Prevention.  
I am thankful to all my friends especially Aye Mon Htut-Rosales and my angel friends 
from Singapore, for their moral support during the challenging period. I am deeply thankful to my 
family especially my sister, Khin Yadana Win, for their love, support, and sacrifices. Finally, I 
would like to dedicate this dissertation to my parents, Win Sein and Dr. Khin Than Nwe. It is your 
love that makes the impossible possible. 
x 
 
Table of Contents 
 
List of Tables ............................................................................................................................... xiv 
List of Figures ............................................................................................................................. xvii 
Abbreviations ................................................................................................................................ xx 
Chapter 1: Introduction ................................................................................................................... 1 
1.1 Background ...................................................................................................................... 1 
1.1.1 Institutional Food Waste as a Feedstock for Anaerobic Digestion ........................... 4 
1.1.2 Value-added Opportunities for Food Waste-based Digestate ................................... 5 
1.1.3 Waste Cooking Oil for Biodiesel Production ........................................................... 6 
1.1.4 Pretreatment Process by Black Solider Fly Larvae ................................................... 7 
1.1.5 Food Waste Biorefinery ............................................................................................ 8 
1.2 Dissertation Structure ....................................................................................................... 9 
1.3 Significance of Research ................................................................................................ 12 
Chapter 2: Assessment of Institutional Food Waste Diversion Alternatives and Renewable 
Energy Potential in New York State ............................................................................................. 15 
2.1 Introduction .................................................................................................................... 15 
2.2 Literature Review and Research Gaps ........................................................................... 16 
2.3 Research Objectives ....................................................................................................... 19 
2.4 Research Methods .......................................................................................................... 19 
2.5 Food Waste Generation by DEC Region ....................................................................... 20 
2.6 Selection of Food Waste Diversion Pathways ............................................................... 31 
2.7 Identification and Mapping of Food Waste Generators and Treatment Facilities ......... 35 
2.7.1 Pretreatment Station ................................................................................................ 36 
2.7.2 Wastewater Treatment Plants ................................................................................. 40 
2.7.3 Confined Animal Feeding Operations (CAFO) ...................................................... 42 
2.7.4 Landfills .................................................................................................................. 44 
2.7.5 Institutional Food Waste Generators ...................................................................... 45 
2.7.6 Aerobic Composting Facilities ............................................................................... 47 
2.8 Biogas Production and Utilization Pathways ................................................................. 48 
2.9 Tipping Fees ................................................................................................................... 54 
xi 
 
2.10 Digestate Utilization ....................................................................................................... 55 
2.11 Environmental Impact Assessment of Different Scenarios ............................................ 64 
2.12 Environmental Credits and Incentives ........................................................................... 67 
2.13 Conclusions .................................................................................................................... 71 
Chapter 3: Assessment of On-Site Low Volume Anaerobic Digester (LVAD) Systems at 
Individual Food Waste Generators ............................................................................................... 74 
3.1 Introduction .................................................................................................................... 74 
3.2 Literate Review and Research Gaps............................................................................... 75 
3.3 Research Objectives ....................................................................................................... 78 
3.4 Research Methods .......................................................................................................... 79 
3.4.1 Case Study Context ................................................................................................. 79 
3.4.2 Mass and Energy Balance of Anaerobic Digester System...................................... 80 
3.4.3 Temperature Control and Biogas Production ......................................................... 81 
3.5 Economic Analysis of LVAD deployed at an Institutional Waste Generator................ 82 
3.5.1 Net present value (NPV) model .............................................................................. 87 
3.6 Results and Discussion ................................................................................................... 89 
3.6.1 Sensitivity Analysis ................................................................................................ 90 
3.7 Conclusions .................................................................................................................... 93 
Chapter 4: Utilization of Waste Cooking Oil in Biodiesel Production and New Uses for Crude 
Glycerol......................................................................................................................................... 94 
4.1 Introduction .................................................................................................................... 94 
4.2 Literature Review and Research Gaps ........................................................................... 96 
4.3 Research Objectives ....................................................................................................... 99 
4.4 Research Methods ........................................................................................................ 100 
4.4.1 Transesterification of Waste Cooking Oil ............................................................ 100 
4.4.2 Glycerol Purification ............................................................................................. 101 
4.4.3 Saponification Process .......................................................................................... 106 
4.4.4 Materials and Methods for Soap Making Process ................................................ 109 
4.5 Economic Analysis ....................................................................................................... 111 
4.5.1 Proposed Utilization Pathways ............................................................................. 112 
4.6 Results and Discussions ............................................................................................... 116 
4.7 Conclusions .................................................................................................................. 119 
xii 
 
Chapter 5: Anaerobic Digestion of Black Solider Fly Larvae (BSFL) Biomass for Biogas 
Production as Part of an Integrated Biorefinery ......................................................................... 120 
5.1 Introduction .................................................................................................................. 120 
5.2 Literature Review and Research Gaps ......................................................................... 121 
5.3 Research Objectives ..................................................................................................... 125 
5.4 Research Methods ........................................................................................................ 125 
5.4.1 Black Soldier Fly Larvae (BSFL) Cultivation ...................................................... 125 
5.4.2 BMP Substrate Preparation ................................................................................... 126 
5.4.3 Substrate Characterization .................................................................................... 128 
5.4.4 Batch Bio-Methane Potential (BMP) Assays ....................................................... 129 
5.4.5 Estimation of Theoretical Bio-Methane Potential and Extent of Biodegrability .. 130 
5.5 Results and Discussion ................................................................................................. 131 
5.5.1 Substrate Characterization .................................................................................... 131 
5.5.2 Bio-Methane Potential .......................................................................................... 134 
5.5.3 Comparison to Theoretical BMP .......................................................................... 137 
5.5.4 BSFL as Anaerobic Digestion Feedstock ............................................................. 138 
5.5.5 Integrated BSFL Biorefinery for Biogas and Biodiesel ........................................ 139 
5.6 Conclusions .................................................................................................................. 143 
Chapter 6: Assessment of Options for Regional Food Waste Management in New York State 144 
6.1 Introduction .................................................................................................................. 144 
6.2 Literature Review and Research Gaps ......................................................................... 145 
6.3 Research Objectives ..................................................................................................... 148 
6.4 Model Development and Research Methods ............................................................... 149 
6.4.1 Food Waste Management Scenarios and Technologies Considered .................... 151 
6.4.2 Energy Production from Anaerobic Digestion Systems ....................................... 159 
6.4.3 Composting ........................................................................................................... 164 
6.4.4 Digestate Utilization ............................................................................................. 166 
6.4.5 Transportation Costs ............................................................................................. 168 
6.5 Economic Analysis ....................................................................................................... 176 
6.5.1 Objective Function ................................................................................................ 177 
6.5.2 Results of Economic Assessment ......................................................................... 184 
xiii 
 
6.5.3 Results of Scenario Analyses ................................................................................ 193 
6.5.4 Sensitivity analysis................................................................................................ 199 
6.6 Conclusions and Recommendations............................................................................. 207 
Chapter 7: Conclusions and Recommendations for Future Work .............................................. 211 
References ................................................................................................................................... 219 
Appendices .................................................................................................................................. 238 
Appendix A: Chapter 2: Supplementary Information ................................................................. 239 
Appendix B: Chapter 3: Supplementary Information ................................................................. 248 
Appendix C:  Chapter 4: Supplementary Information ................................................................ 250 
Appendix D: Chapter 5: Supplementary Information ................................................................. 255 
























List of Tables 
 
Table 2.1.  Databases, tools, and maps to access treatment facilities in NYS .............................. 18 
Table 2.2. Counties in each DEC Region ..................................................................................... 21 
Table 2.3. Number of establishments by category and total food waste generated by large 
generators in NYS (excluding DEC Region 2) before and after diversion from wholesale 
category ......................................................................................................................................... 22 
Table 2.4. Total food waste generated by each DEC Region ....................................................... 24 
Table 2.5. Total animal waste generated by each DEC Region source: Organic Resource Locator 
(ORL) ............................................................................................................................................ 26 
Table 2.6 Existing food waste conversion facilities in New York State ...................................... 30 
Table 2.7.  Description of food waste management strategies ..................................................... 32 
Table 2.8. Properties of landfill, biogas, and natural gas from different production facilities ..... 49 
Table 2.9. Characterization of digestate from full-scale anaerobic digestion……………………60 
Table 2.10. Treatment Options for Digestate…………………………………………………….63  
Table 2.11. Net avoided GHG emission per ton of food waste (kg CO2 eq. / year) from different 
treatment technologies…………………………………………………………………………...67  
Table 3.1. Capital and O&M costs with 3 levels of investment ................................................... 84 
Table 3.2. Financial model inputs ................................................................................................. 88 
Table 3.3. Economic results of case study based on NPV model ................................................. 92 
Table 4.1. Different annual production volumes of WCO-to biodiesel and soap....................... 115 
Table 4.2. Computed net economic benefit and payback period for various productions 
options………………………………………………………………………………………….118 
Table 5.1. Composition of chicken feed and food waste destined for BSFL feed ..................... 126 
Table 5.2. Characterization of all substrates. FM: Fresh Matter, TS: Total Solids, VS: Volatile 
Solids........................................................................................................................................... 133 
Table 5.3. Characteristic of food waste and residue ................................................................... 134 
Table 5.4. Measured bio-methane potential (B0) compared with theoretical bio-methane yield 
(Bu) calculated using Buswell’s equation. .................................................................................. 135 
Table 5.5. Material inputs and energy outputs of integrated biorefinery options. FM: fresh matter 
& FW: food waste ....................................................................................................................... 142 
Table 6.1. Scenarios used in the decision analysis model .......................................................... 152 
xv 
 
Table 6.2. Locations of the proposed new facilities in Region 3 and Region 8 ......................... 158 
Table 6.3. Exemplary total solids (dry matter), volatile solids, biogas and bio-methane yield of 
different input feedstocks ............................................................................................................ 160 
Table 6.4. Annual potential energy generation via food and manure AD in New York State ... 161 
Table 6.5. Annual potential energy generation from food and manure AD system in Region 3 162 
Table 6.6. Annual potential energy generation from food and manure AD system in Region 8 162 
Table 6.7. Potential energy generation pathways from anaerobic co-digestion facilities .......... 163 
Table 6.8. Potential energy generation pathways from food waste-only AD facilities .............. 164 
Table 6.9. Quantities of input and output materials available for composting ........................... 165 
Table 6.10. Typical compost nutrient content (kg/t of FW) and market fertilizer prices ($/t) ... 167 
Table 6.11. Potential whole, solid and liquid digestate generation from anaerobic co-digestion 
facilities, processing waste from large generators ...................................................................... 168 
Table 6.12. Potential whole, solid, liquid digestate generation from food waste-only anaerobic 
digestion facilities ....................................................................................................................... 168 
Table 6.13. Transportation cost of generators to pretreatment station (50 miles) ...................... 171 
Table 6.14. Transportation cost of WWTP scenario in Region 3 ............................................... 172 
Table 6.15. Transportation cost of WWTP scenario in Region 8 ............................................... 173 
Table 6.16. Transportation costs of selective treatment facilities ............................................... 174 
Table 6.17. Cost of digestate transportation ............................................................................... 175 
Table 6.18. Matrix of systems modelling ................................................................................... 177 
Table 6.19. Retrofitting and operating costs for each WWTP in Regions 3 and 8 ..................... 186 
Table 6.20. Annual capital and operating costs of pretreatment station ..................................... 186 
Table 6.21. Annual capital costs of AD on dairy farms under different configurations ............. 187 
Table 6.22. Annual operating costs of AD on dairy farms under different configurations ........ 187 
Table 6.23. Annual capital costs of AD at landfills, and food waste generator sites ................. 187 
Table 6.24. Annual operating costs of AD at landfills, and food waste generator sites ............. 188 
Table 6.25. Annual capital and operating costs of low-volume anaerobic digester ................... 189 
Table 6.26. Annual capital and operating costs of three composting systems ........................... 189 
Table 6.27. Potential revenue from the sale of biogas, electricity, and transportation fuel from 
farm-based ADS and food waste-based ADS ............................................................................. 192 
xvi 
 
Table 6.28. Amount of input and output materials and revenue from the sale of compost from the 
composting facilities ................................................................................................................... 193 
Table 6.29. Annual potential revenue from the sale of whole, solid, liquid digestate from 
































List of Figures 
 
Figure 1.1. Map of New York State food waste generators............................................................ 4 
Figure 1.2.  Visualization of the institutional food waste biorefinery concept ............................... 9 
Figure 2.1. Department of Environmental Conservation (DEC) Region Map ............................. 21 
Figure 2.2. Map of New York State (a) Food Waste Generators – Hospitality, Restaurants, 
Institutions and Retail; (b) CAFOs – Cattle, Dairy and Swine ..................................................... 23 
Figure 2.3.  Food waste generated by DEC region ....................................................................... 25 
Figure 2.4.  Animal waste generated by Region (t/year) .............................................................. 26 
Figure 2.5. Map of New York State (a) Landfills (b) WWTPs with anaerobic digestion systems 
(c) Anaerobic Digesters, and (d) Composting facilities................................................................ 28 
Figure 2.6. Food waste conversion facilities by Region ............................................................... 31 
Figure 2.7. Existing and potential number of biogas systems in the United States by feedstock 
(Source: Environmental and Energy Study Institute) ................................................................... 34 
Figure 2.8. Anaerobic digester deployment options for Monroe County: (a) centralized at CAFO; 
(b) centralized at WWTPs; (c) centralized at landfills; (d) decentralized at individual food waste 
generation sites. Thickness of arrows indicates relative waste flow volumes. ............................. 36 
Figure 2.9. Study boundary showing material and energy flow ................................................... 50 
Figure 2.10. Nutrient distribution of the whole digestate from energy crops and animal manures
....................................................................................................................................................... 57 
Figure 2.11. Overview of digestate processing technologies……………………………………62 
Figure 2.12. Box and whisker plots of the GHG emissions for the various food waste 
management practices. ………………………………………………………………………….66 
Figire 2.13. Offesets of GHG emissions by various food waste management, including avoided 
emissions from land fill diversion………………………………………………………………66 
Figure 3.1. Map of Monroe County, New York, showing locations of dairy farms, food 
processors, institutional food waste generators and potential AD deployment strategies: ........... 75 
Figure 3.2. Small-scale anaerobic digesters deployed world-wide (over 40 million total). ......... 76 
Figure 3.3. Simplified schematic of the mass and energy balance of anaerobic digestion system
....................................................................................................................................................... 82 
Figure 3.4. Discounted payback period vs. system capital cost for RIT-only feedstock and 
imported feedstock of 1,000 MT/year achieved by importing from neighboring facilities. ......... 91 
xviii 
 
Figure 4.1. Viable pathways of a close loop biodiesel production system ................................... 95 
Figure 4.2. General chemical equation for the overall transesterification reaction .................... 100 
Figure 4.3. Overall schematic process flow for biodiesel production using institutional WCO 101 
Figure 4.4. Schematic diagram of glycerol purification process flow ........................................ 104 
Figure 4.5. (1) Waste Cooking Oil (WCO); (2) biodiesel; (3) crude glycerol; (4) separated layers: 
(a) FFA; (b) glycerol; (c) salt; (5) refined glycerol; (6) liquid glycerin soap. ............................ 105 
Figure 4.6. Laboratory equipment for glycerol purification ....................................................... 105 
Figure 4.7. Basic reaction of the saponification process ............................................................ 106 
Figure 4.8. General flowchart of the saponification process ...................................................... 109 
Figure 4.9. Different input and output production of WCO-to-Biodiesel-to-Soap production .. 116 
Figure 5.1. An integrated biorefinery concept for food waste Management with BSFL ........... 121 
Figure 5.2. Life cycle of the black solider fly ............................................................................. 122 
Figure 5.3. Summary of the observed specific bio-methane yield per unit mass (B0) for the 
substrates tested (ml CH4/g VS added). Error bars represent the standard deviation of B0 for each 
substrate. Samples were tested in triplicate (n=3) unless otherwise noted. ................................ 137 
Figure 5.4. Flow diagram of integrated biorefinery options based on converting BSFL biomass to 
biogas and biodiesel .................................................................................................................... 141 
Figure 6.1. Configuration of food waste management scenarios ................................................ 151 
Figure 6.2. Locations of existing waste treatment facilities in Region 8 .................................... 153 
Figure 6.3. Map of large institutional generators in Region 8, with specified location of 
centralized processing facility that minimizes total transport distance (with and without 
weighting based on food waste generation volume) ................................................................... 154 
Figure 6.4. Scenario #2 options for deployment of AD facilities at existing CAFOs, WWTPs, 
landfills and large institutional generator ................................................................................... 157 
Figure 6.5. Optimal location of new food waste conversion facilities based on minimizing 
volume-weighted transportation distances, indicated by green circles in Region 3 and 8. ........ 159 
Figure 6.6. Mass balance of composting process on 1 tonne input basis ................................... 165 
Figure 6.7. Process Flow diagram of the proposed food waste transportation system ............... 169 
Figure 6.8. Small yellow circle represents food waste generators, green circle represents potential 
siting point for the pretreatment plant and blue lines represent selected origin-destination 
connectivity among the 228 food waste generators and the pretreatment plant ......................... 171 
xix 
 
Figure 6.9.  Distance between pretreatment station and WWTPs in Region 3 ........................... 172 
Figure 6.10. Distance between pretreatment station and WWTPs in Region 8 .......................... 173 
Figure 6.11. Distance between pretreatment station and proposed treatment facilities in Region
..................................................................................................................................................... 174 
Figure 6.12. NPV of WWTP scenario from a ten-year analysis with 10% discount rate ........... 195 
Figure 6.13. Economic results of AD with CHP system for all the scenario ............................. 198 
Figure 6.14. NPV of all scenarios from a ten-year analysis with 10% discount ........................ 201 
Figure 6.15.  Sensitivity analysis assuming (1) without incentives and (2) with incentives (I) . 202 
Figure 6.16. Sensitivity analysis assuming different biogas utilization (a) boiler, (2) CHP, (3) 
Grid Injection, and (4) Transporting Fuel ................................................................................... 203 
Figure 6.17. Estimated Breakdown of (a) RNG value from D3 and D5 (commodity gas value + 
RINs + LCFS value) (b) Electricity value (whole sale electricity value + PTS + REC ............. 204 
Figure 6.18. Sensitivity analysis assuming (a) Without RIN incentives: (1) Farm based ADS and 
(2) food waste-based ADS (b) With RIN incentives: (1) Farm based ADS and (2) food waste-
based ADS……………………………………………………………………………………..206 
Figure 6.19.  Comparative results of economic analysis for Region 8, based on 10-year net 






















AD Anaerobic digestion 
ADS Anaerobic digestion system 
AcoD Anaerobic co-digestion 
Bo Specific bio-methane yield (mL CH4/g VS) 
Bu Theoretical specific bio-methane yield (mL CH4/g VS) 
BMP Bio-methane potential (mL CH4/g VS) 
BOD Biochemical oxygen demand (mg/L) 
BSFL Black solider fly larvae 
CAFO Concentrated animal feeding operation 
CHP Combined heat and power 
CL Crude lipids (%) 
CNG Compressed natural gas 
CP Crude protein (%) 
CF Capacity factor 
COD Chemical oxygen demand (mg/L) 
CO2 Carbon dioxide 
CO2e Carbon dioxide equivalents 
CH4 Methane 
FOG Fats, oils and grease 
GHG Greenhouse gasses 
GIS Geographic information system 
GTW Grease trap waste 
HRT Hydraulic retention time (hours or days) 
IFWG Institutional food waste generator 
K Potassium 
LCFS Low carbon fuel standard 
LVAD Low volume anaerobic digester 
MGD Million gallons per day 
MSW Municipal solid waste 
xxi 
 
NYSDEC New York State Department of Environmental Conservation 
NYSP2I New York State Pollution Prevention Institute  
NYS New York State 
OLR Organic loading rate (kg VS/ m3 * d) 
ORL Organic resource locator 
PAS 110 Publicly-available specification 110 
POTW Publicly-owned treatment works  
PTC Production tax credit 
RAN Readily available nitrogen  
REC Renewable energy credit 
RFS Renewable fuel standard 
RIN Renewable Identification Number 
RIT Rochester Institute of Technology  
RNG Renewable natural gas 
RPS Renewable portfolio standards 
t Metric ton/tonne 
TAN Total ammonaical-N (mg/kg) 
TKN Total Kjeldahl Nitrogen (mg/kg) 
TS Total solids (%) 
VS Volatile solids (%) 
WCO Waste cooking oil 
WWTP Wastewater treatment plant 
USDA United States of Department of Agriculture  
USEPA United States Environmental Protection Agency 
WRAP Waste and Resources Action Programme 
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Chapter 1: Introduction 
1.1 Background 
 
In 2016, the United States Department of Agriculture (USDA) estimated that 15.6 million 
Americans face food insecurity1, meanwhile 40% of total food produced for human consumption 
(60 million metric tons) is annually wasted (Gunders, 2012). In 2014, 53% of municipal solid 
waste (MSW) was sent to landfills (USEPA, 2016a). Food waste is the dominant part of the organic 
fraction of MSW, accounts for 21% of total landfill waste (USEPA, 2013) and is the largest single 
component of US landfills. The Food and Agriculture Organization of the United Nations (FAO, 
2013) defined as follows:  
“Food waste refers to food appropriate for human consumption being discarded, whether 
or not after it is kept beyond its expiry date or left to spoil. Often this is because food has 
spoiled but it can be for other reasons such as oversupply due to markets, or individual 
consumer shopping/eating habits”. 
Food waste creates not only food insecurity but also contributes to significant 
environmental and economic problems. Current practices for food waste management in the U.S 
include landfilling, recycling, composting, and incineration.  Existing waste management systems 
for handling the generation of large volumes of food waste have been facing numerous challenges. 
For example, incineration systems generate emissions, and the high moisture content of most food 
waste causes combustion to generally require high-energy inputs. A major environmental concern 
is the anthropogenic methane (CH4) emissions released from landfills as food decomposes via 
anaerobic digestion. These emissions contribute 20% to all human-related methane emissions 




(USEPA, 2013). A number of U.S. states and cities have already banned landfill disposal of food 
waste from large commercial generators (Ebner, 2016b). New York State acknowledges food 
waste as a significant social, environmental, and economic problem. Governor Cuomo expressed 
plans to implement a landfill ban for large commercial food waste generators in New York State 
(Pronto et al., 2017). 
Banning organic waste from landfills is the right thing to do, but such a huge paradigm 
shift is challenging and complex. Food waste management is a multidimensional issue where 
economic, environmental, social and political aspects are intertwined. Diverting organic waste 
from landfills provides environmental benefits, including reduced GHG emissions and preserving 
landfill capacity, while alternative treatment technologies can produce renewable energy and by-
products such as fertilizer. However, landfills provide flexibility to accept various categories of 
waste (i.e., municipal waste, hazardous waste, and non-hazardous waste) without pre-requisite 
conditions or the capacity to receive large amounts of waste. The perception of convenience and 
the lack of financial incentives increase the barriers to divert organic food waste from landfills. 
Local, state and national governments are henceforth interested in looking for alternative ways to 
divert food waste from landfills and are facing many challenges. Change to more sustainable food 
waste management practices requires massive infrastructure investment, greater coordination 
between the food waste generators and waste management sectors and increasing public awareness 
of the issue.  
In New York State (NYS), an estimated 3.5 million metric tons per year of solid waste 
were  produced from four major stages of the food supply chain: (1) agriculture (post-harvest), (2) 
food manufacturing and processing, (3) retail and distribution, and (4) institutions and household 
(Ebner, 2016b). Although household waste is the largest solid waste component and accounts for 
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43% of total solid waste, collecting and transporting food waste from clustered waste sources 
mostly located in urban areas requires an efficient logistics system. The second biggest source of 
food waste is derived from non-industrial food manufacturing sectors. In order of highest to lowest, 
these are restaurants (fast food and full service), grocery stores, hotels and institutions. Non-
industrial food manufacturing is responsible for 40% of total food waste produced (Labuzetta et 
al, 2016). New York and other states are considering legislation that would ban landfill disposal 
of food waste produced by large institutional generators, such as universities, hospitals, sports 
venues, restaurants, grocery stores, etc.  
Therefore, in this dissertation, the scope of this work is restricted to institutional food waste 
generators (IFWG) including universities, correctional facilities, hospitals, nursing homes, sport 
venues, restaurants, grocery stores, etc. which produce on average, more than 1.8 metric tons (2 
tons) of food waste per week (~100 tons/year, equivalent to about 91 metric tons/year2). Feedstock 
purity is one of the main concerns related to diversion of food waste from landfills via alternative 
waste treatments (e.g., aerobic composting and anaerobic digestion). Contamination rates of 
institutional waste are less than household waste but sorting of the food waste prior to treatment 
can improve feedstock purity. Institutions usually generate consistent waste streams and 
predictable volumes of waste, and thus make it easier to estimate the quantity and composition of 
materials in the waste stream. Moreover, they have a concentrated population and demand for heat, 
electrical power and often fertilizer within these facilities. For these various reasons, institutional 
generators are convenient places to begin to understand the logistical and economic implications 
                                                          
2 Throughout this document, the symbol “t” is used to designate a metric ton, equivalent to 1000 kg. In some cases, 
values using the English unit “ton” (equivalent to 2000 lb. or 0.909 t) are also provided in parentheses.  
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of landfill diversion. Figure 1.1 illustrates the geographical distribution of institutional food waste 
generators in New York State by category: hospitality, restaurants, institutions and retail.  
 
Figure 1.1 Map of New York State food waste generators 
(Extracted from Organic Resource Locator developed by the New York State Pollution 
Prevention Institute) 
 
1.1.1 Institutional Food Waste as a Feedstock for Anaerobic Digestion  
Reducing waste in the food supply chain system may improve food security and provide 
potential cost savings while lessening the environmental burden.  There is a clear need to facilitate 
the effective food waste treatment technologies as alternatives to landfill. Food waste contains 
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large amounts of embodied energy and water which can be converted into useful products 
including materials, chemicals, fuels or other sources of energy. One of the primary pathways for 
the valorization of food waste resources is conversion to renewable energy via several available 
conversion technologies, including anaerobic digestion (AD), fermentation, pyrolysis, and 
gasification. Among available treatment technologies, anaerobic digestion is recognized as one of 
the effective ways to treat organic wastes with high moisture content. Anaerobic digestion is a 
biological process that can convert complex organic substrates into useful biogas and digestate in 
the absence of oxygen. However, some drawbacks of AD systems include high initial investment 
and annual operational and maintenance (O&M) costs. While most commercial AD facilities are 
centralized operations on large dairy farms, other options include centralized systems at 
wastewater treatment plants or landfills, or low volume anaerobic digestion (LVAD) systems 
deployed at individual waste generation sites. The latter option offers some notable advantages in 
that the generator of the waste can benefit from the AD co-products while avoiding disposal fees. 
Moreover, there may be opportunities to directly utilize biogas for space heating or steam 
production instead of producing electricity.  
1.1.2 Value-added Opportunities for Food Waste-based Digestate  
In addition to biogas, the AD process also produces digestate, which often contains high 
levels of nutrients such as nitrogen, phosphorus, and potassium which are a major component of 
crop fertilizer. However, as the number of AD plants may potentially increase, one of the key 
concerns is the disposal of significant amounts of digestate. This could possibly create an 
oversupply problem at some locations that may increase the economic burden of long-distance 
transportation to designated locations for field spreading or other deposition methods. Perhaps 
decentralized LVAD systems at IFWG, especially in urban locations where field spreading is not 
6 
 
a viable option, will face certain challenges if there is no efficient direct reuse and potential outlets 
for digestate locally. Unlike manure or co-digestion based digestate from a wet digester, whole 
digestate from a food waste-only digester cannot be used as animal bedding due to its low fiber 
content. New markets for digestate products should be explored to achieve maximum benefits in 
non-farm locations by avoiding transportation costs. Nevertheless, there are no clear regulations 
and guidelines for utilizing digestate from food waste-based anaerobic digester (NEO Energy, 
2015). To date, economic analyses of AD often overlook the application of digestate, and it is not 
clear a priori if the digestate will represent a revenue or cost. Nor is it clear how feedstock variation 
will affect what is ultimately done with the digestate. A significant aspect of the analysis described 
in this dissertation is the digestate management part of the profit computation.  
 
1.1.3 Waste Cooking Oil for Biodiesel Production 
According to the “Urban Waste Grease Resource Assessment” study, an estimated 3 
gallons of waste grease per person per year and 4.6 gallons of waste grease per typical fast food 
restaurant per day were produced3.  In New York City alone, in 2011, 8.3 million gallons of yellow 
grease and 1.8 million of brown grease were collected per year4. Yellow grease (also termed waste 
cooking oil or used cooking oil) is generally used cooking oil from business and industry in their 
deep fryers and food processing. If these wastes are not properly treated at treatment units, they 
can create blockages at sewage system. Some of this waste grease is used for animal feed 
supplements, biodiesel production and feedstock for an anaerobic digestion system. However, the 
majority of this waste is assumed to be disposed at municipal sewer facilities, wastewater treatment 
facilities and landfill sites. Institutions generate waste cooking oil (WCO) from dining services 
                                                          





and have a number of disposal options. The waste oil can properly be disposed at the facilities 
described above, which can be costly, or alternatively sold for animal feed production for a small 
revenue. Institutions often have continuous multiple waste stream supplies (waste cooking oil and 
food waste) and demand for energy heat, electricity and transportation fuel as well as a need for 
soap on campus, although the level of waste production and co-product demand can vary 
temporally. Therefore, on-site biodiesel production via transesterification could be one of the 
potential solutions to manage WCO and produce energy and fuel locally, and by-product crude 
glycerol from biodiesel production can be converted to soap.  
1.1.4 Pretreatment Process by Black Solider Fly Larvae 
Food waste from institutions usually consists of fruit and vegetable peelings and seeds, 
bakery goods, cooked meat and eggs, and waste left on plates returned to the dish room. Due to its 
heterogeneous nature, the different components of the complex substrates do not degrade at the 
same rate, and thus can cause process instability.  Fresh fruits and vegetables are a high-lignin-
content lignocellulose biomass that are recalcitrant to digestion. The recalcitrance is also based 
upon the chemical composition and structural features of food waste. Prior to the anaerobic 
digestion process, a pretreatment step is often required to increase the homogeneity of food waste 
and to accelerate the rate-limiting step (hydrolysis stage). Pretreatment technologies (mechanical, 
thermal, and chemical) are often required high-energy inputs which result in a less cost-effective 
process and may be environmentally unsustainable. In this dissertation, the use of black soldier fly 
larvae (BSFL; Hermetia illucens) as an alternative pretreatment method is investigated.  BSFL can 
degrade and consume lignocellulose in the food waste, and their capability to process putrescent 
wastes gives BSFL distinct advantages over traditional composting and vermicomposting, which 
cannot generally accept meat or dairy products and may have difficulty processing post-consumer 
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waste. BSFL can be used in a variety of applications including composting, animal feed and 
biodiesel production and anaerobic digestion (Win et al., 2018). 
1.1.5 Food Waste Biorefinery  
Based on these factors, the dissertation presented here proposes a novel technological 
approach, a decentralized on-site anaerobic biorefinery system, for processing food waste into 
value-added products for institutional food waste generators. A biorefinery is a facility akin to a 
petroleum refinery that converts various feedstocks using different conversion processes to 
produce multiple outputs such as fuel, heat, power, and other value-added products. Although 
biorefinery concepts have been explored in the past at larger scale (Lynd et al., 2005), the 
biorefinery approach to process different types of food waste products and generate value added 
products is relatively new, especially at the scale of a single institutional waste generation site.   In 
this system, food waste and waste cooking oil are converted to biogas and biodiesel via anaerobic 
digestion and transesterification processes, respectively. Digestate residue from anaerobic 
digestion process can be used as a stand-alone fertilizer or as a co-substrate in the composting 
process. By-product crude glycerol from biodiesel production can be further purified into glycerin 
or used to produce soap through purification and saponification. Utilizing products and by-
products locally in a closed loop system can improve the overall supply chain efficiency and 






Figure 1.2.  Visualization of the institutional food waste biorefinery concept 
 
1.2 Dissertation Structure 
This dissertation consists of seven chapters and five major technical components, which are 
structured as follows:  
Chapter 1 includes background information of institutional food waste management and 
options for generating value-added products. 
Chapter 2 provides a holistic view of the current state of practice of food waste management 
for large institutional generators in New York State. Realistic data were obtained through 
collaborations with industry partners, and literature review and used to provide an estimation of 
food waste generation by weight and region. A review was conducted of the existing food waste 
treatment facilities by region of New York State and proposed potential treatment sites: 
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• Provided an estimate of statewide generation of food waste and highlighted the regions of 
the greatest resource using the New York State Pollution Prevention Institute’s (NYSP2I) 
Organic Resource Locator tool (ORL).  
• Identified the locations of potential food waste treatment sites in each New York State 
Department of Environmental Conservation (NYSDEC) region and determined the most 
appropriate locations for potential treatment facilities obtained by ArcGIS geographic 
information system (GIS). 
• Characterized the nutrient composition of digestate from full-scale operating anaerobic 
digestion facilities and evaluated the utilization opportunities for these different digestate 
compositions. 
Chapter 3 includes a critical review of low-volume AD systems deployed worldwide, 
including assessment of feedstock materials and biogas utilization methods. It also includes the 
identification of scientific and engineering barriers to deploying AD technology at lower volume 
in NYS. The scope of this chapter includes: 
• Assessed the status of deployment of LVAD systems for food waste conversion in the U.S., 
including feedstock materials, energy output and capital costs. 
• Conducted an economic assessment of a proposed LVAD system using the RIT campus as 
a case study, to determine the most economically viable design options for institutional 
food waste generators. 
Chapter 4 provides various solution pathways available to institutional-based biodiesel 
producers and informs the decision-making process in how best to utilize biodiesel and glycerin 
co-products. Chapter 4 also addresses the existing research gaps by providing technical analysis 
11 
 
data coupled with economic assessments of biodiesel production systems. The main contributions 
from this chapter include: 
• Developed the methodology for crude glycerol purification process and soap making 
process to determine the process viability for different saponification pathways.  
• Characterized the chemical and physical properties of crude glycerol from the biodiesel 
process and the purified glycerol.  
• Assessed the economic feasibility of viable utilization pathways for glycerol, based on by 
net present value and discounted payback period methods.  
Chapter 5 explores the potential of black soldier fly larvae (BSFL) composting as a 
pretreatment step for anaerobic digestion and producing biogas from BSFL biomass along with 
several integrated biorefinery pathways. The mass and energy balance of BSFL food waste 
composting system was examined to determine the quantity of energy that can be recovered from 
BSFL by converting them to biodiesel or biogas. The main contributions from this chapter include: 
• Conducted bio-methane potential (BMP) measurements of BSFL fed on food waste and 
chicken feed, lipid extracted BSFL fed on food waste and chicken feed, residue, larval 
cuticle and dead whole-body files. 
• Evaluated the feasibility of BSFL composting as part of an integrated decentralized 
biorefinery concept.   
Chapter 6 presents a comprehensive assessment of four different food waste conversion 
facility deployment scenarios: centralized on farms, centralized at landfills, centralized at WWTPs, 
and distributed at large generators to determine relative economic and environmental benefits with 
sensitivity analysis, of the most significant parameters influencing the feasibility of the proposed 
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scenario.  The economic viability of all scenarios was quantified based on net present value (NPV), 
internal rate of return (IRR), and payback period (PP). The decision framework approach combines 
the integration of economic and spatial factors to identify the optimal scenario that diverts food 
waste with maximum profit for the conversion facility operator and minimum cost for the 
generator. The main contributions from this chapter include: 
• Developed a scenario-based decision framework to determine the optimal food waste 
treatment method. 
• Performed economic assessment of different food waste diversion scenarios based on 
three indicators: net present value (NPV), internal rate of return (IRR), and payback 
period (PP) using simple cash flow analysis. 
Chapter 7 provides cross-cutting conclusions from the entire dissertation regarding 
biorefinery concepts for institutional food waste generators, derived from the outcomes of 
Chapters 2 through 6, and offers recommendations for future research.   
 
1.3 Significance of Research  
Much research has been conducted on anaerobic digestion systems treating dairy manure, 
lignocellulose biomass, and co-digestion of food waste with dairy manure and agriculture waste 
biomass. “Food waste only” anaerobic digestion is challenging because food waste is complex in 
nature, often heterogeneous, and may degrade at different rates. There is limited publically 
available information required to design and operate ’food waste only’ digesters. Thus the goal of 
this disseration was to analyze the feasibility of low-volume “food waste only” anaerobic 
digestions systems at generation sites and as part of a decentralized biorefinery concept. Novel 
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contributions of this thesis are to provide assistance to food waste generators diverting their food 
waste and used cooking oil as a feedstock in the most environmentally beneficial and economically 
feasible way, as well as to influence policymakers towards offering future programs and 
incentives. Technical, economic and environmental assessments of a low volume “food waste 
only” AD system was performed. The present study is an effort to provide guidance to the New 
York State Department of Environmental Conservation (NYDEC) about the possibility of 
diverting food waste from landfills by utilizing different waste treatment technologies in an 
economically efficient way in New York State. It also provides specific food waste treatment 
technology recommendations for different DEC regions based on the quantity and types of food 
waste resources and existing current treatment facilities (i.e., AD, composting and WWTP). To 
the author’s best knowledge, no such work has been reported previously in the scientific literature.  
The novel contributions of this dissertation are: 
• Conducted an analysis of the state of food waste source and treatment on a regional level in 
New York State and highlighted the regions of greatest food waste resource opportunity. 
• Performed techno-economic assessment of low volume “food waste only” AD systems. 
• Evaluated the economic impacts of co-production of biodiesel and soap at an institutional 
scale. 
• Considered the use of BSFL as an AD feedstock and as a pretreatment step prior to 
conventional AD.   
• Provided an assessment of food waste management options in terms of financial feasibility 
whilst considering feedstock source, existing treatment facilities, transportation distance, and 




The overall research question intended to be answered was:  
• What are the economic implications of adopting a decentralized biorefinery approach at 






















Chapter 2: Assessment of Institutional Food Waste Diversion 
Alternatives and Renewable Energy Potential in New York State 
 
2.1 Introduction  
Food waste is recognized as a significant environmental and economic problem in New 
York State, as well as on national and global scales. New York State generates more than 410,000 
metric tons per year of organic food waste from large generators alone (i.e., those producing > 91 
metric tons/year). Approximately 22% of this waste is currently diverted to animal feed, 
composting and a small fraction to anaerobic digesters and the rest is still disposed in landfills. A 
number of U.S. states and cities (including New York City) have recently passed legislation 
banning disposal in landfills. Based on Gov. Cuomo’s 2016 State of the State address, New York 
is expected to continue to pursue similar legislation calling for a landfill ban for large institutional 
generators, defined as organizations such as universities, hospitals, sports venues, restaurants and 
grocery stores which produce more than 1.8 t per week (2 tons)  of food waste (Pronto et al., 2017). 
Chpater 2  focuses on the large generators within this sector. The best practices and challenges in 
each DEC region are identified as every region has the unique way of managing their food waste.  
Hence, Chapter 2 provides a detailed review and analysis of data and information about the food 
waste sources, treatment facilities, and costs. It estimates the potential energy generation in the 
state of New York from four alternative treatment sources. The important role of alternative 





2.2 Literature Review and Research Gaps 
Development of sustainable food waste management is strongly dependent upon the state 
and regional waste resources, quantities and types of waste, the capacity of existing treatment 
facilities, energy and fuel demand, and policy and regulatory framework. Managing of food supply 
chain resources is highly dependent upon the location of specific geography (Ebner et al., 2016b). 
Biogassys (2012) reported that the profitability and environmental impact of biogas production are 
highly dependent on the local conditions. In the United States, managing food waste problems at 
the country level could not effectively be solved. Each state has a unique nature of waste sources, 
quantity of waste and, most importantly, the number of treatment facilities and available capacities. 
Chapter 2 provides a broad overview of food waste resources and the state-of-the-practice of 
existing food waste treatment alternatives in NYS. The potential pathways to treat food waste 
include WWTPs, anaerobic digesters processing cow manure and food waste, and composting. For 
example, in 2013, NYS is the fourth leading producer of milk in the nation5 and approximately 
610,000 cows produce 13 billion pounds per year (Delcogliano, 2016). Meanwhile, Florida 
annually produces 2.34 billion pounds of milk from 123, 00 dairy cows6. This data suggests that 
the total quantity of cow manure in NYS is higher than Florida and anaerobic codigestion of cow 
manure with food waste may be the solution for NYS. 
Collecting data for the available capacity of treatment facilities and the quantity of 
additional food waste to be received was challenging except for WWTPs. NYSDEC provides the 
information regarding the total number of WWTPs, the design flow capacity, the actual capacity 
and their beneficial use. DEC has stipulated that if WWTP bio-solids are landfilled or incinerated, 





this would not be regarded as an acceptable food waste landfill diversion strategy. In NYS, if 
biosolids are not from Class A certified WWTPs, they are not allowed to be used for land 
applications.  Site visits were conducted at two anaerobic codigestion facilities, two anaerobic 
digester systems processing food processing waste and solid waste, one farm-based anaerobic 
digester, and two wastewater treatment plants with AD infrastructure in addition to meetings with 
AD developers and waste haulers.  Most of the anaerobic digestion facilities are privately-owned 
and they do not adequately share their data. These facilities show an interest in processing 
additional food waste but how much more they can accept is uncertain and very subjective. The 
data set used in this chapter was compiled from online database, tools and maps as summarized in 
Table 2.1. Among them, the Organic Resource Locator (ORL), a public web-based mapping tool 
developed by the New York State Pollution Prevention Institute (P2I) at Rochester Institute of 
Technology, was used to extract information on institutional generators and waste treatment 
facilities in New York State. Chapter 2 covers the four basic elements of food waste management 
systems: waste generation, treating, transportation and disposal. All of the tools and maps are 











Table 2.1.  Databases, tools, and maps to access treatment facilities in NYS 
Name of Agency Name of tool and map Types of facilities 
American Biogas Council Operational Biogas Systems in 
the U. S 
Agriculture, landfill, and 
wastewater  
EPA AgStar National Mapping Tool AD using livestock waste 
EPA Co-Digestion Economic 
Analysis Tool (CoEAT) 
WWTP  
NYS DEC Wastewater Treatment Plants 
Map 
WWTP 
Landfill Solid Waste 
Management Facilities Map 
Solid Waste Management 
NYS Pollution Prevention 
Institute  
Organic Resource Locator  CAFO, AD on farm and 
others, composting sites 
Cornell Waste Management 
Institute  
NYS Compost Facilities Map Compost and transfer 
stations 
 
Biogas can be generated from different waste treatment pathways: WWTP, dairy farms, 
landfills and generator sites. There is a large pool of publicly available reports generated from 
individual states assessing the potential biogas generation from different types of waste and 
anaerobic digestion systems.  Washington State University (WSU, 2017) recently produced a 
roadmap for Washington State which quantified at a high level of potential renewable natural gas 
generated from landfills, wastewater treatment plants as well as from different waste sources (i.e., 
animal waste and source-separated organics). Wong et al. (2011) reported that a few WWTPs in 
Massachusetts are running under capacity and have excess capacity to manage the addition of food 
waste as a co-substrate in anaerobic digestion of sewage sludge. This study suggested that 
retrofitting the plants to process food waste and installing CHP systems at WWTPs could generate 
on-site heat and electricity. NYS also produced an initial roadmap estimating food waste recovery 
and utilization pathways (Labuzetta et al., 2016).  
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2.3 Research Objectives 
Potential policy mandating a ban on the landfilling of food wastes in the New York State 
requires a new approach shifting from “end-of-the pipe” waste management technique to 
sustainable waste management. The intention of this chapter is to identify the state-of-the-practice 
of food waste treatment alternatives for large food generators. If existing conversion facilities 
cannot accommodate the step-change in food waste volume that would occur upon implementation 
of a landfill ban. It is recommended for each DEC region what type(s) of facilities would be best 
suited, and provide a “first-order” estimate of the optimal facility location based on transport 
distance and waste volumes available at individual generator sites. This effort includes an 
assessment of existing waste treatment facilities, an estimation of food waste generation, both in 
weight and by region, and biogas production and utilization, including management of digestate. 
Data produced from Chapter 2 provided foundational information required in Chapter 6 to perform 
economic scenario analysis.  
 
2.4 Research Methods  
In an effort to understand the state and region specific food waste resources and potential 
treatment facilities, a thorough review of the extensive dataset from literature and data collected 
through communications with AD operators from different anaerobic digestion system, AD 
developers, waste haulers, and carbon credit and energy consultants was conducted.  The Organic 
Resource Locator (ORL) was used to identify the spatial data  of generator locations and attribute 
data (generator type, waste type, and waste generation). This tool allows the user to identify 
generators in hospitality, restaurant, institutional and retail sectors and in treatment facilities such 
as wastewater treatment plants, anaerobic digesters, composting facilities and dairy farms.  It was 
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further integrated into ArcGIS 9.3 software to identify the appropriate sites for new facilities and 
to evaluate the distribution of food waste potential at each region. The process used weighted mean 
center analysis to identify the site that maximizes coverages based on larger generation volumes. 
 
2.5 Food Waste Generation by DEC Region 
Determining the quantities and waste sources at a regional-scale is an important first step for 
diversion of food waste from landfills. Evaluating the potential volume of feedstock and consistent 
feedstock availability are being recognized as challenges to implementing a new project. For 
example, waste treatment facilities are competing to get long-term contracts from the food waste 
generators to secure revenue as well as to maintain consistent quality of influent entering the 
systems. Solid waste is generally managed at the regional level, and municipal solid waste (MSW) 
policies are not uniform across the state. Many factors such as the level of economic development, 
types of businesses, cultural norms, and local climate influence the food waste generation rate and 
composition (The World Bank, 2012), and the variation of food waste generated by each region 
can be significant. Therefore, it is better to understand the status quo of food waste management 
practices in each region to propose customized solutions that can maximize economic and 
environmental benefits. The New York State Department of Environmental Conservation (DEC) 




Figure 2.1. Department of Environmental Conservation (DEC) Region Map 
 
Table 2.2. Counties in each DEC Region 
Region  Name Counties 
1 Long Island Nassau and Suffolk  
2 New York City Brooklyn (Kings County), Bronx (Bronx County), Manhattan 
(New York County), Queens (Queens County) and Staten 
Island (Richmond County) 
3 Lower Hudson Valley Dutchess, Orange, Putnam, Rockland, Sullivan, Ulster and 
Westchester 
4 Capital Region/ 
Northern Catskills 
Albany, Columbia, Delaware, Greene, Montgomery, Otsego, 
Rensselaer, Schenectady and Schoharie  
5 Eastern Adirondacks/ 
Lake Champlain 
Clinton, Essex, Franklin, Fulton, Hamilton, Saratoga, Warren 
and Washington  
6 Western Adirondacks/ 
Eastern Lake Ontario 
Herkimer, Jefferson, Lewis, Oneida and St. Lawrence  
7 Central New York Broome, Cayuga, Chenango, Cortland, Madison, Onondaga, 
Oswego, Tioga and Tompkins  
8 Western Finger Lakes Chemung, Genesee, Livingston, Monroe, Ontario, Orleans, 
Schuyler, Seneca, Steuben, Wayne, and Yates  




In Table 2.3, the total quantity of food waste generated in NYS is divided into two 
categories: high generation and low generation. High generation is considered to be the estimated 
total food waste generation in NYS from large generators without being diverted to any beneficial 
use facilities. Labuzetta et al. (2016) estimated that 42% of food waste from the wholesale and 
distribution sectors (2,297 t/week) has already been diverted to food banks, composting and 
anaerobic digestion (AD) which is approximately 22% of total food waste generated in NYS. For 
low generation scenario, 2,297 t/week of food waste was removed from retail category (Table 2.3). 
In this study, the low generation scenario is chosen as a base scenario. However, the methodology 
developed can be widely used for another dataset. The dataset provided by ORL shows that New 
York State produce 413,855 t/year of food waste available from 1,700 large food waste generators. 
Much of this diversion comes from wholesale and distributions sector and the low diversion rate 
from other sectors is not included in this analysis. The result indicated that the amount of food 
waste could be diverted to use for other beneficial use. The distribution of large food waste 
generators and dairy farms across the state is illustrated in Figure 2.2. 
Table 2.3. Number of establishments by category and total food waste generated by large 
generators in NYS (excluding DEC Region 2) before and after diversion from wholesale 
category 
Category # Establishments High generation Low generation 
t/week t/year t/week t/year 
Retail 1,173 8,412 437,500 6,115 317,923 
Service & 
Hospitality 
201 562 29,242 562 29,242 
Institutions 333 1,288 66,690 1,288 66,690 
Total 1,707 10,262 533,432 7,965 413,855 
*Retail sector includes Supermarkets, Wholesale, Big Box, Convenient Stores and Supercenters.Service and 
Hospoital sectors include Restaurants and hotels. Institusion sector  incudes colleges & Universiteis, correctional 




Figure 2.2. Map of New York State (a) Food Waste Generators – Hospitality, Restaurants, 
Institutions and Retail; (b) CAFOs – Cattle, Dairy and Swine 
24 
 
 Examining the food waste generated by region provides the quantity of waste available for 
alternative utilization options. In Table 2.4, the number of generators and the total quantity of food 
waste generated in NYS is presented for each Region. It highlights the concentration of food waste 
across the state.  The large food waste generators are concentrated in Regions 1, 3, 7, 8 and 9, and 
each region generates more than 10% of the total food waste as illustrated in Figure 2.3. Regions 
4, 5 and 6 generate less than 10% of total food waste generation indicated as low generation region. 
Region 2 is not included in this study as it has already implemented a commercial food waste ban.  
 
Table 2.4. Total food waste generated by each DEC Region 
Region Establishments Fraction of total 





1 343 18% 1,459 75,891 
3 330 20% 1,633 84,890 
4 167 8% 656 34,087 
5 106 6% 440 22,882 
6 105 6% 446 23,190 
7 189 12% 955 49,642 
8 228 13% 1,049 54,560 
9 238 17% 1,322 68,757 






Figure 2.3.  Food waste generated by DEC region  
New York State ranks as the fourth largest milk producing state in the United States.7 
Therefore, NYS produces approximately 11million metric ton of animal manure per year. The total 
number of dairy farms and quantity of animal waste generated have been evaluated to identify 
potential co-digestion opportunities (Figure 2.4 and Table 2.5). Especially in the Upstate New 
York (Regions 7, 8 and 9), anaerobic co-digestion of food and animal wastes  has been expanding 
due to the demonstrated synergistic effects between these different feedstocks which can improve 
biogas yield and provide other benefits (Ebner et al., 2015; 2016a). The analysis indicates that 
Regions 1 and 3 produce less than 1% of total animal waste even though these regions have the 
largest number of food waste generators. Therefore, co-digestion of food and animal wastes cannot 
be considered a viable option in these regions of the state. 






Table 2.5. Total animal waste generated by each DEC Region source: Organic Resource Locator 
(ORL) 
Region Establishments  Fraction of total 





1 1a 0.2% 369 19,163 
3 10 0.6% 1,261 65,586 
4 37 5% 9,882 513,885 
5 67 12% 25,323 1,316,795 
6 86 17% 37,498 1,949,876 
7 98 19% 41,719 2,169,380 
8 135 26% 57,020 2,965,063 
9 115 20% 43,541 2,264,145 
Total 549 100% 216,613 ~11M 
a 2,100 Horses; there is no a cattle farm in Region 1  
 
 
Figure 2.4.  Animal waste generated by Region (t/year) 
 
Figure 2.5 shows the distribution of waste treatment facilities in NYS. Different types of 
existing food waste management facilities, including landfills, wastewater treatment plants 
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(WWTPs) with anaerobic digestion infrastructure, stand-alone anaerobic digestion plants, and 
composting facilities, are illustrated in Figure 2.6 and listed in Table 2.6, again separated by DEC 
Region. Table 2.6 also lists available transfer stations that could be considered as part of a broader 
food waste management deployment strategy. In the following analyses, large food waste 
generators and existing treatment facilities are considered within each DEC region, all of which 
have significant food waste volumes but distinctly different existing waste management 
infrastructures: 
• Region 1 (Long Island) has a large concentration of institutional generators, but very few 
composting and AD facilities. Most food waste is currently transported out of the region for 
landfill disposal or composting. 
• Region 2 (New York City and Boroughs) already has a commercial landfill ban in place and 
is not included in this study. 
• Region 3 (Lower Hudson Valley) has the third highest food waste generation rate and a large 
number of composting facilities. However, there are very few dairy farms and no operating 
anaerobic digestion (AD) plants. 
• Region 4 (Capital Region/Northern Catskills), Region 5 (Eastern Adirondacks/Lake 
Champlain), and Region 6 (Western Adirondacks/Eastern Lake Ontario) have similar 
characteristics such as relatively low food waste generation rates, and moderately high animal 
waste generation rates. There are few AD plants, but a relatively high number of composting 
facilities.   
• Region 7 (Central New York), Region 8 (Western Finger Lakes) and Region 9 (Western New 
York) can be considered as one group. They all have a moderately high total food waste 
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generation rate and a number of AD plants at confined animal feeding operations (CAFOs), 
but relatively few composting facilities. 
 
 
Figure 2.5. Map of New York State (a) Landfills (b) WWTPs with anaerobic digestion systems 
(c) Anaerobic Digesters, and (d) Composting facilities 
 
By reviewing the complete data provided in Tables 2.3 through 2.6, some compelling 
observations emerge. Perhaps the most challenging situation exists in Region 3 (Lower Hudson 
Valley) which produces the greatest amount of food waste outside of New York City but does not 
have any operating landfills or anaerobic digesters (AD). Moreover, there are only 9 CAFOs, 
which produce limited animal waste to co-digest with the available food waste. Therefore, 
development of new co-digestion facilities may not be the optimal pathway as a future landfill 
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diversion strategy. On the other hand, many options exist in Region 8 (Western Finger Lakes), 
where there are 6 landfills, 25 WWPTs with AD systems in operation, 10 stand-alone ADs, and 
17 composting facilities. Region 8 is also the location of one of the largest WWTPs without 
anaerobic digesting infrastructure (107 million gallons per day; Wightman and Woodbury, 2014), 
and produces the highest volume of animal waste in NYS. The presence of diverse waste 
conversion facilities gives Region 8 the advantage of being able to choose among multiple landfill 
diversion pathways. Due to their distinctly different food waste generation profiles and diversion 


















Table 2.6 Existing food waste conversion facilities in New York State 













et al., 2016) 
1 40 0 11 1 0 
3 29 0 22 0 14 
4 20 3 6 2 13 
5 4 5 6 1 7 
6 12 2 6 2 5 
7 16 5 14 13 13 
8 14 6 25 10 17 
9 5 6 18 8 13 
Total 140 27 108 37 82 
 
                                                          
8 DEC, New York State Department of Environmental Conservation, 2016. List of active registered transfer stations 
in New York State <https://data.ny.gov/Energy-Environment/Transfer-Stations-Solid-Waste-Management-
Facilitie/avuu-s8z3> 
9 DEC, New York State Department of Environmental Conservation, 2008. List of active municipal solid waste 
landfills. <http://www.dec.ny.gov/docs/materials_minerals_pdf/mswlist.pdf> 
10 DEC, New York State Department of Environmental Conservation, 2011. Biosolids Management in New York 





Figure 2.6. Food waste conversion facilities by Region 
 
2.6 Selection of Food Waste Diversion Pathways   
Based on the background information provided above, the diverse nature of waste resources 
and existing conversion facilities around the State, it is clear that better understanding of current 
processes and practices and the development of new technology and strategies is required to 
support beneficial use of food waste and other organic wastes. There is a range of technologies 
that can be used to treat organic waste. However, this study considered only anaerobic digestion 
and composting because, thus far, these are the only technologies that have demonstrated economic 
viability at commercial scale (Table 2.7). A centralized plant is considered as a large-scale facility 
that accepts food waste generated by and transported from a larger number of individual waste 
generation sites. Conversely, a decentralized plant is usually a small- or medium-sized facility 
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TREATMENT FACILITIES
Transfer Stations Landfills WWTP w/AD Anaerobic digestion Composting
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the food waste available in a region would be transported to one large AD system. In the 
decentralized model, multiple small-scale digesters would be deployed at individual food waste 
generators. Due to the diverse geographical dispersion of food waste generation, spatial factors 
play a significant role in selecting appropriate facility location and transportation routes.  
Table 2.7.  Description of food waste management strategies 
Strategy Technology deployment considerations 
Anaerobic 
digestion (AD) 
• A vast range of organic waste (solid/liquid waste and animal waste) 
can be degraded under anaerobic conditions to produce biogas and 
digestate. 
• Biogas can be used as heat for steam generation or space heating.  
Biogas can also be utilized in a combined heat and power (CHP) 
architecture to simultaneously generate electricity and heat.  
• Digestate (system effluent present after biogas production) can be 
used as a fertilizer or soil amendment.  
Composting • Composting is one of the oldest and simplest methods to treat 
organic waste under aerobic conditions, with an output useful for 
landscaping and soil amendment, but without production of energy.  
• Compostable feedstocks are primarily limited to yard trimmings, 
solid phase food waste, and biosolids.   Liquid phase food waste, a 
more significant challenge in the food processing sector, is 
generally not suitable for composting. 
Combined AD 
and composting 
• Effluent (digestate) from anaerobic digester facilities can be sent 
to composting facilities.  
• Digestate (whole digestate, solid digestate, and liquid digestate) 





 In this section, different options for development of anaerobic digestion systems in NYS 
and their impact on food waste disposition are assessed. Due to increasing pressure in many regions 
to divert organic wastes from landfills to more productive uses, anaerobic digestion (AD) has 
gained popularity as a viable alternative for agricultural, municipal and industrial system 
operations to produce clean energy from renewable sources and reduce greenhouse gas emissions 
(USDA, 2014). Anaerobic digestion is not a new technology and has been implemented from 
home-scale to industrial-scale for treating animal and human wastes. Manure-based anaerobic 
digestion systems on livestock farms in the U.S are the most common. Anaerobic co-digestion of 
manure and food waste have gained interest due to revenues generated from receiving tipping fees. 
Anaerobic digestion systems provide some benefits in both the inbound side in managing the food 
waste in a better way, as well as the outbound in the displacement of fossil fuel with biogas and 
digestate. The direct benefits of adopting AD systems include generation of renewable fuel/energy, 
saving/sale of heat and electricity, improved nutrient management and reduction of greenhouse 
gas (GHG) emissions. However, even though it is reasonable to assume that AD will be a critical 
component of any future food waste management plan, it is not immediately clear what 
deployment strategy will maximize the economic and environmental benefits, nor is it apparent 
how AD system deployment should vary across different regions of New York State. 
AgSTAR (2011)  reported that there are 240 farm-based anaerobic digesters in the U.S.  Of 
the 240 digesters, 61% processed only livestock manure (146 facilities) and only 39% (94 
facilities) have codigested manure with non-farm feedstocks such as food waste from retail, 
institutions, service and hospitability, dairy processing wash water, and FOGs. Goldstein (2017) 
reported that there are 4,713 total composting sites, with 5% (249 facilities) accepting yard 
trimmings and food waste, and 13% (620 facilities) processing multiple organics such as, in 
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addition to these materials, livestock manure, and industrial organics. It has been noted that only 
18% of these facilities accepted food waste and the vast majority of facilities process yard waste.  
USEPA (2016b) identified the anaerobic digestion facilities that processed food waste in the U.S., 
and there are currently only 9 AD facilities accepting food waste and food grade fat/oil/grease 
(FOG). Environmental and Energy Study Institute (EESI) reported that in 2017, there were 2,200 
existing anaerobic digestion systems in the U.S., and 13,500 new systems will potentially be added, 
as shown in Figure 2.7. Development of food waste treatment alternatives requires a 
comprehensive understanding of current waste treatment practices in NYS including those 
facilities that have available capacity to accept the potential waste coming into the waste stream. 
 
 
Figure 2.7. Existing and potential number of biogas systems in the United States by feedstock 




2.7 Identification and Mapping of Food Waste Generators and Treatment 
Facilities 
To address these important issues associated with deploying AD as a food waste diversion 
pathway, this study included: (1) evaluation of the potential volume of food waste available for 
upcycling to value-added products; (2) analysis of the spatial distribution of food waste generators 
and existing waste treatment facilities, including anaerobic digesters (AD) at wastewater treatment 
plants (WWTP), AD deployed at confined animal feedlot operations (CAFO), AD at landfill 
facililites, and composting facilities; and (3) assessment of the potential of existing treatment 
facilities to accommodate additional food waste from large institutional generators. For example, 
some existing wastewater treatment facilities have the capacity to accept additional food waste, 
but several policy and technical barriers would preclude such a conversion pathway from being 
considered. DEC has stipulated that if WWTP bio-solids are landfilled or incinerated, this would 
not be regarded as an acceptable strategy.  In this case, there are four potential deployment options 





Figure 2.8. Anaerobic digester deployment options for Monroe County: (a) centralized at CAFO; 
(b) centralized at WWTPs; (c) centralized at landfills; (d) decentralized at individual food waste 
generation sites. Thickness of arrows indicates relative waste flow volumes. 
 
2.7.1 Pretreatment Station 
As anaerobic digestion becomes more prevalent as a landfill diversion option for food 
waste, it is important to consider the diversity of food materials that may need to be handled.  Total 
municipal solid waste generated in 2012 was comprised of approximately 27% paper and 
paperboard, 13% plastics, 9% metals and 15% food waste (USEPA, 2012). Packaged food waste 
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is considered within the food waste fraction and expected to be subjected to any future waste ban 
legislation. Such wastes are often encountered in the commercial and institutional waste streams 
and contaminants like paper napkins, aluminum cans, and plastic and glass bottles come from post-
consumer wastes.  
The purity and homogeneity of feedstock entering into the treatment facility largely dictate 
the subsequent treatment process and outputs. Some studies showed that source separation of food 
waste prior to the treatment facilities significantly reduced the overall benefits of food waste 
management (Edwards et al., 2018; Thyberg and Tonjes, 2017). Pre-consumer scraps from food 
processing plants, institutions and retailers are generally homogeneous and of consistent quality; 
post-consumer waste can be very heterogeneous and contain different contaminants unsuitable for 
the AD process. Due to its heterogeneous nature, the different components of the complex 
feedstock do not degrade at the same time. Therefore, pre-treatment processes including de-
packaging and grinding need to be explored as important front-end subsystems for centralized AD 
systems that accept mixed food waste of combined solid and liquid phase, as well as food scraps 
contained in plastic, glass, metal and paper-based packaging. 
Due to the variety of food-related materials in the waste stream, both manual and 
mechanical depackaging is essential to perform. Mechanical pretreatment is often conducted to 
separate the food waste fraction from the mixed waste stream and small solid particles are reduced 
to increase the surface area. A larger surface area provides better accessibility for anaerobic 
bacteria, faster degradation rate, and higher biogas yield (Ebner et al., 2016a). The separated food 
waste can proceed to grinding and mixing with manure or liquid food processing waste to produce 
a digestible slurry. Approximately 10% of residual packaging by weight from this waste stream is 
recovered but it is often not economically viable to recycle due to contamination with food waste 
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(Spencer and Casella, 2017). Depackaging equipment can generally handle diverse types of 
materials but glass bottles are not widely accepted to avoid glass particles mixing with the organic 
slurry. Prior to entering an anaerobic digester, the slurry will often be mixed with manure, waste 
water sludge or other liquid wastes. Processing facilities will charge tipping fees for food waste 
drop-off.  It is anticipated that arrangements should be made to transport ready-to-use slurry to 
anaerobic digesters and composting facilities (Sullivan, 2012).  
 
To manage packaged and contaminated food waste, there are a few options to consider, 
including sending the material to an off-site facility by a hauler or investing in on-site depackaging 
at food processing plants, treatment plants, solid waste transfer stations or private recycling 
businesses. Separating contaminants from post-consumer waste at the generation sites is 
recommended so that they do not enter the organic waste stream. However, these processes have 
historically not been effective and it depends on the attitude and flexibility of the consumers and 
institutions.  Pre-consumer waste comes from food refuse during food preparation and packaging 
waste that can readily be removed from the rest of the waste stream generated. High-quality 
packaging waste such as cardboard and plastic films can be salvaged from pre-consumer waste 
and recycled.  
For the off-site pretreatment option, food waste is transported to the centralized location 
where it is ground, macerated and combined with desired feedstock to produce a homogeneous 
slurry. Additional water is added to the output slurry after the pretreatment processes at centralized 
pretreatment station to produce the right consistency of the feedstock stream suitable for anaerobic 
digesters or composting. Packaged materials can be recycled that otherwise would be sent to the 
landfill. The majority of the WWTPs have excess digestion capacity and show a great interest in 
receiving the institutional food waste.  Consistent feedbacks have been received from WWTP 
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facilities that in order to codigest biosolids with food waste, homogenous mixtures should be 
pumpable to the anaerobic digester tank. The current size of depackaging and preprocessing 
system is suitable to handle a large volume. Operating the preprocessing system at one centralized 
location could be economically viable. The costs of energy inputs, water, labor, and maintenance 
costs for the pretreatment are incurred by pretreatment station. Hence, one centralized pretreatment 
station (PTS) could manage the total volume of food waste generated in Region 3 and 8 and 
transport the homogeneous slurry to the desired WWTP. This will lessen the burden of the initial 
investment for an individual on WWTPs and encourage them to receive more food waste.  The 
centralized pretreatment station will also reduce traffic congestion and transportation costs by 
concentrating the volume of the waste.  
Existing privately or publicly owned solid waste transfer stations have also gained 
increasing interest. Transfer stations already have established infrastructure and transportation 
routes which reduces the overall transportation costs. Region 3 has a total of 29 existing transfer 
stations and Region 8 has 13, as shown in Appendix A, Tables A.1 and A.2. Another important 
consideration is that identifying the appropriate type of existing transfer station close to the 
selected WWTP is required to reduce traveling distance. Repurposing existing transfer stations 
could reduce the overall capital investment. There is an increasing trend in the private and public 
sectors to invest in depackaging equipment and upgrade transfer stations to accept a broad range 





2.7.2 Wastewater Treatment Plants  
As of April 201411 there were 586 wastewater treatment plants (WWTPs) in NYS and only 
127 WWTPs utilized anaerobic digestion systems. WWTPs are considered potential candidates to 
process food waste and codigest with sewage sludge for generation of electricity from biogas. 
NYSERDA (2007) reported that energy is the second most expensive cost category in WWTPs, 
yet only 8% of heat and electricity used in these facilities are produced from biogas. Furthermore, 
they are also often running under capacity (averaging approximately 27% excess capacity). Biogas 
produced from digestion at WWTPs is used on-sites electrical use or sell excess electricity to the 
grid.  
The economic viability of electricity generation from biogas at WWTPs depends on the 
size of the treatment facility. Wightman and Woodbury (2014) identified that upgrading WWTPs 
operating larger than 1 million gallons per day (MGD) could produce biogas at a reasonable cost. 
Giraldo et al. (2013) reported that installing CHP systems at existing WWTPs can be economically 
feasible if the facilities operate at the influent flow rates of 5 million gallons per day (MGD) or 
greater. Studies showed that WWTPs smaller than 1 MGD are not economically feasible to retrofit 
to accept input materials or use biogas for heat and electricity. However, the flow rate between 1 
MGD and 5 MGD could be considered with the high biosolids loading or the additional 
supplementation of food service wastes such as FOGs, solid food waste, and food processing 
wastewater. The characterization of these food service wastes must be carried out prior to 
anaerobic codigestion with biosolids to valid the synergistic effects.   
                                                          
11 Biosolids Management.< https://www.dec.ny.gov/chemical/97463.html> 
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 Retrofitting existing WWTPs to accept more food waste may be more cost-effective than 
building new AD facilities. Treating food waste at existing WWTPs looks economically 
promising, because selected plant scales have enough capacity to receive the additional food waste 
when a ban on organic waste in landfills is applied.  A few scenarios could be strengthened to suit 
the better economics. Upgrading existing WWTPs with AD systems to Class A would provide 
additional benefits. Currently one of the challenges facing WWTPs is sending their biosolids to 
landfills. Class A biosolids meet EPA guidelines for land application without restrictions and 
generate revenue from selling biosolids as fertilizer.   
Candidate Wastewater Treatment Plants 
 In NYS, there are 108 WWTPs with anaerobic digestion infrastructure and most of them 
are aging and require significant retrofitting. Currently, approximately 50% of WWTPs flare or 
vent the biogas produced. In Region 3, there are 22 WWTPs with anaerobic digestion systems, but 
only seven of them meet the target requirements. Biosolids produced from these WWTPs are used 
beneficially through land use applications, heat drying and composting. Furthermore, these 
WWTPs are also running under capacity (approximately 27%), and thus have an opportunity to 
accept more input materials (see Appendix A, Tables A.3 and A.4). Out of seven WWTPs, five 
are WWTPs that have >1MGD capacity. Only three are utilizing their biogas and one has been 
flaring12. In Region 8, of the five WWTPs that met requirements, only three are using their biogas.  
A candidate WWTP must have an average daily inflow of wastewater of at least 2 million 
gallons per day (MGD) and enough available capacity to receive the incoming food waste. 
Nonetheless, the distance traveled from pretreatment station to a candidate WWTP plays a vital 
                                                          
12 BIOGAS DATA. <http://www.wrrfdata.org/biogas/biogasdata.php> 
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role. The transportation costs of each candidate WWTP are discussed in detail in Chapter 6. 
Harriman WWTP (Region 3) and Avon WWTP (Region 8) meet all the criteria and are used as 
case studies in Chapter 6.  
2.7.3 Confined Animal Feeding Operations (CAFO)  
To provide economic benefits and enhance process stability, farm-based anaerobic 
digesters have shown an interest in accepting organic wastes. Anaerobic codigestion of animal 
manure and food waste improves the biogas yield and generates revenues by applying tipping fees 
(Ebner et al., 2016b). Implementation of large-scale anaerobic digestion systems (ADS) on 
livestock operations are required to meet some conditions. According to EPA, anaerobic digesters 
in NYS that are located on CAFOs under a comprehensive nutrient management plan can accept 
organic wastes up to 50% (by weight) without additionally permitting requirements. 13  The EPA 
also included that an equal mass of digestate from AD facilities was required to return to the 
agricultural land to maintain the fertilizer value from the cattle slurry (O’Shea et al., 2017). 
Therefore, the livestock operations in each region must provide enough animal manure to mix with 
the incoming food waste. Fundamentally, food waste from generators are transported to the 
designated AD facility located near CAFOs and co-digested with cow manure from dairy farms. 
Region 3 does not produce enough animal manure to co-digest with food waste at the designated 
ratio of 1:1. Therefore, the excess manure from other regions can be transported to the Region 3 if 
the transportation distance meets the requirements. Currently, the majority of large-scale anaerobic 
codigestion facilities are located at, or close to, large dairy farms with at least 1,000 livestock units.  
                                                          




Existing CAFOs with space and infrastructure in place can handle large volumes of food 
and animal waste. Currently, transportation routes are not well established for food waste diversion 
to ADS and would only efficiently cover the western side of the Region 3. Due to the high moisture 
and low energy content of liquid manure, transporting this material to the locations of institutional 
generators is not economically viable. However, on-site energy demand (electricity/gas/heat) is 
limited on farms, and therefore, excess energy can be sold to the third-party provider. There is also 
a significant demand for the solid fraction of digestate as animal bedding and fertilizer.   
Candidate Confined Animal Feeding Operations  
In NYS there are 518 CAFOs handling approximately 630,000 cattle, dairy, and swine 
populations (dataset from the ORL). Of 135 dairy farms in Region 8, 27 of them have more than 
1,000 mature dairy cattle. The average herd size is between 200 and 500 cows, suitable for farm-
based AD systems (Pronto et al., 2017).  There are 10 livestock operations in Region 3, and only 
two of them are dairy cattle operations, and none of them has more than 1,000 dairy cows. 
Nobelhurst Farm in Region 8 milks 1750 Holstein cows and operates an anaerobic co-digestion 
facility with CHP system processing raw dairy manure (~65%), pre- and post-consumer food 
waste, milk processing plant waste water (~35%) and operates a CHP plant with between 440- and 
450-kW energy output (Pronto et al., 2009). Noblehurst Dairy farm was chosen as a candidate 
CAFO, as it serves as an example to demonstrate a representative farm suitable for the installation 
of a new AD system for Region 8. It is approximately 30 miles away from the proposed 
pretreatment station. New anaerobic digester system is proposed to process 50 percent of food 
waste (by volume) and 50 percent of manure feedstock (by volume) on a dairy farm, as discussed 




Developing a new large-scale anaerobic digestion facility at an existing landfill site that 
already has an established infrastructure offers several advantages. They already have been 
receiving a vast range of organic material available to treat in ADS, such as food waste and WWTP 
biosolids. There are no additional transportation costs to transfer food waste to a new ADS. Taking 
advantage of this existing infrastructure avoids the cost of purchasing land, reduces the need to 
apply for a new permit and reduces the additional investment for gas collection and liquid digestate 
handling and storage (CalRecycle, 2010). Low initial investment cost potentially makes this 
deployment option more cost-effective. Solid digestate can be composted at the site if there is an 
option and liquid digestate can be treated together with leachate. An AD facility would most likely 
be required to lease the site at the landfill and to develop the infrastructure on the site although this 
could vary depending on the location and type of management. Landfill facilities have limited on-
site electricity and heat demand, and many are flaring excess landfills gases. However, another 
option is to convert biogas into CNG for use in vehicles, and there is a need for CNG as many 
landfill gas operations are now supplying renewable natural gas (RNG) for vehicle fuel in lieu of 
generating electricity. 
Candidate Municipal Solid Waste Landfill  
There are zero active landfills in Region 3 and ten landfills in Region 8. Only public-owned 
active landfill sites were considered as potential candidates. Mill Seat Landfill on the western 
border of Monroe County in Region 8 was chosen as a representation of potential anaerobic 
digestion system on a landfill site. The facility is currently generating 3,100 cubic feet per minute 
of landfill gas and produces 6.4 MW. It could be the home for operating the new anaerobic 
digestion facility. The purity of biogas from food waste-based AD systems is higher than landfill 
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gas, therefore it may make better sense to upgrade biogas from AD systems, and electricity 
generated from landfill gas should supply the electricity needed for biogas upgrading operation.  
2.7.5 Institutional Food Waste Generators 
Distributed medium- and small-scale (or also referred to as low-volume) AD systems can 
be deployed at individual waste generation sites. They could also receive waste from other 
generators in close proximity to improve the economy of scale by receiving tipping fees.  It is 
likely that institutions have on-site demand for both electricity and heat.  The challenge is that 
smaller systems typically have a higher capital cost on a per kW basis, and there needs to be a 
priori consideration of what to do with the digestate effluent. Unlike CAFO installations, there is 
no readily available outlet for the digestate at many institutional food waste generators located in 
urban or suburban areas. Since there are no regulations and clear direction for food waste-based 
digestate, the utilization of digestate is very limited. The fact that high capital costs and additional 
costs for digestate management will create a challenge for generators and make the project 
unprofitable. On the order of 90,000 t of food waste per year are available in Region 3. It could 
deploy one centralized system or 15 distributed systems.   
Food waste generators are clustered across the region and concentrated in the Southern part 
of Region 3 and the Northern part of Region 8. In this scenario, one centralized large-scale food 
waste-based anaerobic digestion system in each region would sit on the completely new waste 
treatment location and process all the food waste generated.  Depackaging and preprocessing 
systems can be located at the same location to eliminate the additional investment cost. Not only 
are the AD systems close to the generators but also generators can minimize transportation and 
disposal costs of transferring their waste to other treatment facilities. Food waste-based anaerobic 
digestion systems are not conventional and, therefore, there are limited case studies available to 
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verify the operations are manageable.  To our knowledge, there are two food waste-based ADs in 
the whole of NYS. They are operated by Quasar Energy Group. Anaerobic digestion of food waste 
is found to be challenging because of the heterogeneous, complex nature of solid food waste.  
Food waste usually contains high nitrogen content and lacks various trace elements. 
Process instability could be encountered when high loading rates are fed into the digester (Hegde 
et al., 2017). A wet anaerobic digester accepts the substrate that contains less than 15% dry matter 
(DM) and it should be able to pump (Sliz-Szkliniarz et al., 2012). Institutional food waste contains 
a high solids content (15-25% DM). Therefore, food waste is required to be diluted with water or 
liquid wastes to adjust the required organic loading rate. The farm-based, anaerobic codigestion 
facility could easily utilized manure slurry. However, in the case of implementing a non-manure-
based digestion system, alternative co-substrates such as whey, FOGs, dairy processing 
wastewater and fruit and vegetable processing wastewater are required to investigate.  Being the 
fourth largest diary producing state, NYS produces a significant amount of dairy processing waste 
(i.e., whey)14. Hegde et al. (2017) reported that codigestion of food waste with dairy resulted in a 
very stable process and the biogas production was also increased by 10% with acid whey. Digestate 
produced from food waste-based digesters has no economic value to date. Unlike manure or co-
digestion based digestate, food waste- based digestate cannot be used as animal bedding due to 
low fiber content. Furthermore, AD systems are most likely located closer to the food waste 
generators than they are to the area of land application. Digestate is required to be stored for a 
specific period of time before land application, as the digestate is only allowed to spread two times 
per year if there is not another utilization.  
                                                          
14 Whey Management for Agriculture <https://www.dec.ny.gov/chemical/94164.html> 
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2.7.6 Aerobic Composting Facilities   
Aerobic composting is the oldest and simplest form of recycling organic materials. It can 
be applied in various scales:  from home scale approaches to medium and large scales, and 
centralized facilities. It has also been recognized as one alternative for the diversion of waste from 
landfills. Different composting technologies have been developed to treat MSW, biosolids and 
livestock manure. These range from a low-cost windrow composting to an enclosed sophisticated 
high-cost in-vessel composting. The major technologies considered in this study are: (1) windrow 
composting, (2) aerated static pile composting (ASP) and (3) in-vessel composting.  There are 
increased capital and operational costs and also increased operating complexities from windrow 
to ASP, to in-vessel.  
A plethora of studies has been conducted regarding about composting. Detailed 
information for these technologies can be found in Diaz et al. (2007) and Haung (1993). Aerated 
static pile (ASP) is the most cost-efficient composting method for a large volume of yard 
trimmings and compostable municipal solid waste. ASP also requires less land and produces 
compost quicker than the windrow method. Existing composting plants in NYS are accepting 
mostly yard wastes. Very few facilities accept food wastes. Some composting facilities have shown 
an interest in taking food waste through personal communication with operators (Labuzetta et al., 
2016). Moreover, there is not enough public information to evaluate how the amount of incoming 






2.8 Biogas Production and Utilization Pathways 
According to the American Biogas Council15, there are currently 2,000 biogas plants in the 
USA which are currently making electricity and using their heat via CHP systems. In NYS, many 
WWTPS, CAFOs, and MSW landfill facilities are producing biogas which are just flared. Other 
facilities use biogas for on-site electricity generation to meet its heat needs and/or to generate 
income from the sale of electricity, and currently, 13.1 MW of electricity is produced from the 28 
anaerobic digestion systems. Diverting organic wastes from landfills into anaerobic digestion 
systems could increase renewable energy and reduce greenhouse gas levels. This would meet  
NYS’s renewable energy  goal to increae renewable energy to 40% by 2030 and reduce greenhouse 
gases by 50% from 1990 levels bt 2030 (Pronto et al., 2018). This section investigates potential 
energy generation from the combustion of biogas produced from anaerobic codigestion of food 
waste with manure on dairy farms, anaerobic codigestion of food waste with sewage sludge at 
wastewater treatment plants, anaerobic digestion of food waste at the landfill sites and anaerobic 
digestion of food waste at food waste generators.  
The most conventional way of using biogas is for thermal energy.  Biogas can be applied 
in direct combustion systems for steam generation and in combined heat and power (CHP) to 
produce electricity and usable heat. Biogas can be upgraded by the removal of CO2 and other 
impurities to bio-methane (85-90% CH4) which can be injected into the grid or used as vehicle 
fuel. Most of the large dairy farms utilize their biogas for heat and power.  Biogas is predominantly 
used in combined heat and power (CHP) for electricity production. In the past, biogas electricity 
was incentivized by some favorable policies that gave electricity projects an advantage over a 
renewable natural gas project. Unfortunately, policies with incentives expired in 2016.  Currently, 
                                                          
15 Current and Potential Biogas Production. <https://www.americanbiogascouncil.org/pdf/biogas101.pdf> 
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digester operators and developers have shifted their interest in upgrading biogas into biofuels 
which have environmental credits called RINs (Renewable Identification Numbers). Because of 
this policy incentive, producing biogas derived vehicle fuel may be economically 
attractive. However, increasing the purity of biogas requires additional energy and investment. To 
date, due to the lack of infrastructure and reliable support schemes, the economic availability of 
biogas as vehicle fuel does not look promising. This analysis meant to encourage a deeper 
understanding of biomethane production and utilization and to initiate a proactive role in aligning 
the policies for further development. The comparative properties and composition of biogas from 
different applications is shown in Table 2.8.   
Table 2.8. Properties of landfill, biogas, and natural gas from different production facilities  







MJ/Nm3 16 22 - 36 
Density kg/m3 1.3 1.2 - 0.83 
Methane vol-(%) 45 60 - 90 
Methane, range vol-(%) 35-65 60-70 61-65 85-90 
Carbon dioxide  vol-(%) 40 35  0.9 
Carbon dioxide, 
range 
vol-(%) 15-50 35 36-38 - 
Sources:  Biogas Data on Biogas-Sweden (2007); Mir et al., (2016); Giraldo et al. (2013) 
 
Figure 2.9 depicts the study boundary, including feedstock resources, anaerobic digester 
facility, biogas to energy conversion technologies, and digestate utilization. To develop a new 
anaerobic digestion project, it is important to understand how the project will best operate 
considering its various inputs and outputs, and local demand for co-products. It is worthwhile to 
consider all the scenarios and to know which system is suitable for each project. For instance, 
WWTPs have a high demand for electricity, while landfill facilities may have a demand for 
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compressed natural gas as a vehicle fuel. Four biogas-to-energy conversion pathways were studied 
for different waste treatment scenarios in Chapter 6. Each have been discussed in previous studies. 
The four include: 
1. Biogas for heat generation (boiler) 
2. Biogas to combined heat and power (CHP) generation 
3. Biomethane to grid injection  
4. Biomethane to vehicle fuel 
 
Figure 2.9. Study boundary showing material and energy flow 
 
Pathway 1: Biogas to Direct Combustion in Boilers 
 
Due to the favorable incentives, power generation from digester biogas is common among 
large-scale AD systems. Low energy price, high capital and operation costs and lack of stable 
incentives have been maneuvered alternatives. Different biogas utilization is expected from 
different facilities when the financial support is not in consideration. The capital costs of AD 
systems can be reduced by 36 percent without electricity generation equipment (i.e., CHP system) 
51 
 
(Beddoes, 2007). The case studies provided by Cornell University16, the cost of CHP system was 
found to vary between 10-40% depending on the scale of the digester. For example, Marsh Creek 
Wastewater treatment plant recently converted their anaerobic digestion system to aerobic 
digestion system. Heat production through the installed aerobic system provides the heat 
requirement of the plant and offsets the need for purchased energy.17 WWTPs, Dairy farms and 
institutional food waste generators have demand for space heating and hot water. However, the 
utilization of heat at the landfill is not common, and heat that was produced during the 
decomposition of organic waste is not recovered. Although it is not covered in this study, food 
processing facilities generate high strength wastes and have high heat demand for hot water. 
Therefore a distributed small-scale AD with a boiler system is a better option than CHP and 
upgrading biogas. The boiler system provides space heating and/or hot water for farm use and/or 
heating to the digester for its own operation including heat the influent before entering into the AD 
via heat exchanger system for pasteurization, maintain digester temperatures, and use for dry 
digestate. On-site biogas production provides a saving from avoided gas purchases. It reduces the 
net operation cost by offsetting existing natural gas demand. Different facilities and AD systems 
need a different quantity of biogas. Therefore, all the biogas produced from AD systems are 
considered consumed by treatment facilities. Biogas generation that is used to offset natural gas is 
valued at the retail price.  
 
 
                                                          
16 Cornell University. <http://www.manuremanagement.cornell.edu/Pages/Topics/Anaerobic_Digestion/AD-
Case_Studies.html> 
17 Personal Communication. Marsh Creek Wastewater Treatment.  
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Pathway 2: Biogas to Combined Heat and Power (CHP) generation 
Operating wastewater treatment is highly energy intensive. Energy is the second largest 
cost, and the electricity cost of WWTPs is more than 20 percent of the total operating cost (Wong, 
2011; Giraldo, 2013). On-site electricity and heat generation from biogas at WWTPs will reduce 
the amount of energy purchased from the grid and the overall operating cost. If additional food 
waste streams are diverted to these WWTPs to utilize their spare capacity to co-digest with food 
waste and sludge, energy generation efficiency can be increased. Based on a typical large-scale 
CHP system, 35% of biogas produced from an AD system is converted to electricity and 50% of 
the heat can be recovered from a CHP system. All the electricity generation from landfill- based, 
farm-based and food waste-based AD systems is sold to the power grid. Revenues are generated 
from the sale of electricity at wholesale price and renewable energy credits. Similar to the boiler 
system, all the recovered heat from the CHP system is used for its operation and cost savings from 
offsetting the cost of natural gas at retail price. Nevertheless, all the electricity and heat generated 
are consumed by WWTPs, and no energy is sold. Thus, revenue for WWTPs is generated by the 
avoided price of the electricity and heat that they purchase.  One of the advantages of farm-based 
AD systems is that net metering laws have allowed the farm-based digester electrical generators 
to hook up with local utilities so that all of the farm’s electrical use will be offset and excess power 
can be sold back to the grid18. Meanwhile, electricity generation is the most common option for 
centralized AD facilities near food waste generators. Therefore, a pipeline transporting heat to the 
food waste generators is not the reasonable option. 
 
                                                          
18 Net Metering. < https://www.energy.gov/savings/net-metering-23> 
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Pathway 3 & 4: Biogas to Biomethane for Grid Injection and Vehicle Fuel 
Upgrading biogas produced from anaerobic digestion process to biomethane has gained 
great interest in the biogas industry. The cost of upgrading biogas can be significantly varied 
depending on the concentration/purity of biomethane in biogas, the scale of the biogas plant and 
the upgrading technologies. The most common upgrading/cleaning technologies at present are 
pressure swing adsorption (PSA), water scrubbing, chemical (amine) scrubbing, membranes and 
cryogenic as listed with their estimated upgrading cost in Appendix E, Table E.11. Energy 
efficiencies are sensitive to the biogas upgrading technique and several process conditions (i.e., 
compression, storage and adsorption of H2S).  The options were given as either upgrade the gas or 
enrich it with natural gas to get a vehicle fuel. 
Pathway 3 considers injecting upgraded biogas (biomethane) into natural gas, thereby 
making it a substitute for natural gas. In Pathway 4, biomethane is considered as a substitute for 
vehicle fuel. On a fuel for fuel basis, the biogas derived transport fuel is economically attractive. 
However, because of the lack of infrastructure and proper legislation and subsidies, the uptake of 
biogas in the transport sector is not matched by the economic availability of the biogas. However, 
the market for biogas upgrading is facing significant challenges due to high capital investment, 
operation costs, and high-energy demand during the upgrading process. It is important to have 
more established legislation and specifically aimed at biogas specifications. Currently, it is more 
of a case-by-case basis rather than there being a general national standard. The generation of 
upgraded biogas to renewable fuel could receive environmental credits called Renewable 
Identification Numbers (RINs). Renewable compressed natural gas (CNG), renewable liquefied 
natural gas or renewable electricity are generated from biogas from landfills, wastewater treatment 
facility digesters, agricultural digesters, and separated MSW digesters are entitled to earn RINs.  
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2.9 Tipping Fees 
Food waste disposal costs are influenced by demographics, recycling rates, operating and 
transporting costs and regional policies and/or regulations (CalRecycle, 2010). Tipping fees 
charged by AD facilities are highly dependent on many factors. The factors include the strength of 
the substrate (i.e., high COD material are in higher demand), the volume of delivered food wastes, 
the distance to haul the waste and, most importantly, contractual relationships. There is limited 
information on most AD facilities that are privately managed.  Typically, AD facilities charge 
neutral or lower than the landfill tip fees to attract customers. Similar to landfill and AD, the tipping 
fees of compost vary greatly and are influenced by many factors. Furthermore, very few compost 
facilities accept solid food waste. As of May 2016, the average landfill tipping fee in the U.S. had 
increased to $50.60 per ton, up by 16.9% since 2010.  The tipping fees at the landfill facilities in 
the US ranged from about $35.70 to $79.30 per ton, with the Northeast being the most expensive.19  
Because of declining energy prices, the revenues of anaerobic digesters cannot be entirely 
dependent on energy generation.  Beaver (2018) stated that currently, tipping fees contribute 80% 
of the revenues of anaerobic digestion facilities and the other 20% is from the output.20  The results 
of Usack et al. (2018) indicate that revenue generated from tipping fees have outweighed the 
revenue from electricity power production. It could even compensate the costs associated with the 
handing of the added waste volume. Currently, economic viability of the anaerobic digestion 
system is primarily dependent on the tipping fees.  
                                                          
19 Average landfill tip fees up 3.5% so far this year 
<https://www.wastedive.com/news/report-average-landfill-tip-fees-up-35-so-far-this-year/446834/> 





2.10   Digestate Utilization  
The successful implementation of anaerobic digestion of food waste should not only focus 
on energy generation but also manage proactively its major byproduct, the digestate. However, 
digestate is often classified as a zero- or low-value product. If digestate is to be considered as a 
“product” rather than “a waste”, there must be clear regulations and guidelines to promote public 
acceptance of digestate. With the proper application of regulatory compliance, digestate can be a 
high-value product as it is equal to or better than the comparable synthetic fertilizer. The use of 
food waste-based digestate has more uncertainty than digesate from anaerobic codigestion 
facilites. To date, the USDA Organic Production and Handling Standards provide no clear 
regulations and guidelines for utilizing digestate from food waste-based anaerobic digesters 
provided by NEO Energy (2015). The nutrient profile of digestate is highly dependent on the input 
feedstock. Heterogeneity of food waste entering the digester will influence the physical and 
chemical composition of the digestate. Nutrient-rich digestate can be used as organic fertilizer for 
agricultural purposes and is being considered as a value-added co-product. However, unlike 
compost, there is no or relatively little monetary value for digestate in the U.S. The advantage of 
processing digestate is that digeste has a higher nutrient content than the original feedstock.  
Digestate is the effluent of the anaerobic digestion (AD) process, and it usually has high 
nutrient content including nitrogen (N), phosphorous (P) and potassium (K). Digestate also 
contains dissolved organic matter, and fibrous material. The most common use for digestate is as 
a fertilizer. As of today, farm-based AD facilities separate the solid portion of digestate and air dry 
it for use as animal bedding or they compost it for horticulture applications.  The liquid fraction is 
spread on nearby farms as fertilizer and soil conditioner. The use of liquid digestate for agricultural 
applications raises some concerns. Because of nutrient surplus in digestate and variable agriculture 
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seasonal requirements, digestate often exceeds the capacity of crop nutrient uptake from nearby 
farms (Peng et al., 2017). Liquid manure digestate contains ammonia-based nitrogen (i.e., 
ammonium-N as NH4-N and NO3-N) which provides readily accessible nitrogen to plants and it 
can also be used as a source of water irrigation. On the other hand, the liquid digestate from food 
waste only AD contains a low concentration of nutrient values due to its low solid content (<5% 
dry matter) after solid separation and its high-water content. It also has a lower fertilizer value. 
Liquid digestate is required to be applied at 10-20 times the rate of commercially available liquid 
fertilizer (WRAP, 2011). It is challenging to handle and transport liquid digestate to farms because 
of its large volume of water. The extraction of valuable nutrients in a concentrated form would 
improve the handling and transporting of liquid digestate.  
Nutrient content of digestate is reported as readily available in forms which are available 
for immediate crop uptake. Readily available nitrogen (RAN) includes ammonium-N and nitrate-
N contents of digestate (NH4-N + NO3-N). Digestate can be considered as a complete replacement 
for conventional fertilizers. 90% of the nitrogen, 50% of the phosphate and 80% of potash in food 
waste digestate are available to crops (WRAP, 2011). According to good practice guidelines for 
farmers, growers and advisers, digestate is applied to provide no more than 50-60% of the total N 
requirement of the crop.  The remainder is from chemical fertilizer (WRAP, 2012). NPK values of 
digestate collected from AD plants are adjusted to readily available and total nutrients content 
accordingly when calculating digestate fertilizer values. Based on soil type, organic matter content, 
and previous management, a range between 18 and 36 kg (40-80 pounds) of N per acre can be 
applied on soils in NYS (Ketterings et al., 2003).  Typical ranges for nutrient distribution of main 




Figure 2.10. Nutrient distribution of the whole digestate from energy crops and animal manures   
                     after solid–liquid separation. Adapted from Bauer et al. (2009) 
 
As the number of AD plants is potentially increasing, one of the key concerns is the 
disposal of significant large amounts of digestate, which could possibly lead to an oversupply at 
some locations. This will increase the economic burden of long-distance transportation to the 
designated locations. Clements Halene, Chief Operating Officer at Quasar Energy Group, said, 
“Land application remains feasible when digesters are located near large areas of farmland, but it 
can’t be the only solution. If you are totally dependent on the land application, you have a 
problem”. (Gorrie, 2014). On-farm anaerobic digestion facilities could benefit from replacing solid 
digestate with some fraction of animal bedding and sending liquid digestate as fertilizer to farms 
nearby with minimum transporting cost. Unlike manure or co-digestion based digestate from a wet 
digester, whole digestate from a food waste only digester cannot be used as animal bedding due to 
its low fiber content. New markets for digestate products should be explored to achieve maximum 
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benefits in non-farm locations to avoid transportation costs. To date, there are no clear regulations 
and guidelines for utilizing digestate from food waste based anaerobic digester from the USDA 
Organic Production and Handling Standards. Therefore, the utilization of food waste digestate is 
still in question since there are no clear regulations and guidelines that would enable development 
of a viable commercial market. In the U.S, due to the lack of regulations and guidelines, digestate 
materials are still largely considered wastes. 
Digestate from farm-based anaerobic digestion systems (mono or co-digestion) is usually 
stored in an open lagoon or in storage tanks from winter (Dec-Jan) to summer (April/May). After 
that, it is applied to agricultural land during the growing season.21 During the spreading period, 
anaerobic digester facilities usually pay for the cost of spreading digestate and its transportation 
from the facility to the farms. At the closed period of spreading digestate, on-farm AD plants store 
their digestate in the large lagoons. The final composition of digestate applied to land is hard to 
estimate because there is no control over how much excess manure would discharge into those 
lagoons. Compost produced from aerobic composting treatment of food waste already has an 
established and profitable market.  
Meanwhile, there are few food waste-based anaerobic digester systems in the U.S. To our 
knowledge, there are no comprehensive research reports on the use of digestate (both solid and 
liquid) as a product. Perhaps decentralized LVAD systems at institutional food waste generators 
(Chapter 3) will face certain challenges if there is no efficient direct reuse and potential local 
outlets for digestate. Decentralized LVAD systems at institutional food waste generators, 
especially in urban locations where field spreading is not a viable option, will face challenges if 
                                                          
21 Personal Communications. 
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there are no potential outlets for digestate. Therefore, reports and reviews from UK and EU are 
used as references when estimating the digestate specifications and fertilizer value.  In the United 
Kingdom, digestate can be certified under the Biofertilizer Certification Scheme. Waste-based 
digestate and compost are classified as a biofertilizer rather than a waste after certified by a 
PAS110. Publicly Available PAS110 is for anaerobic digestate and PAS100 is for compost. In 
Sweden, in order sell as a product, solid digestate after it is composted and liquid digestate are 
required to test for a natural population of Salmonella sp., bacteria and E.coli, under SPVR120. 
(NEO Energy, 2015).  
To better understand and quantify opportunities for utilization of digestate that may be 
generated from different AD deployment scenarios, samples of influents, whole digestate, solid 
and liquid fractions of digestate after separation process from a variety of full-scale operating AD 
plants were analyzed. The digestate samples were obtained from different anaerobic digestion 
treatment facilities (i.e., codigestion, organic waste treatment, wastewater treatment and manure 
treatment) to evaluate the characteristic of digestate. These facilities were intended to provide a 
representative sample of the scenarios proposed. In this study, comprehensive nutrient 
characterization of digestate from these different digester systems was performed and compared 
with commercially available, chemically synthesized fertilizers, as well as digestate nutrient data 
from a report published in the U.K. (Rigby and Smith, 2011; Table 2.9). It showed a snap shot of 
how the feedstock variable determines a wide range in values for physical and chemical properties. 
• 1 full-scale AD plant treating bio-sludge and liquid waste from food processing operations at 
wastewater treatment plant (LW-FP)  [Plant A]. 
• 1 full-scale co-digestion plant treating manure, solid waste (SW) and liquid waste from food 
processing operations [Plants B] 
• 1 full-scale AD plant treating a mixture of solid food waste and LW-FP [Plant C] 
• 1 medium-scale AD plant treating pure manure [Plant D] 
60 
 
Table 2.9. Characterization of digestate from full-scale anaerobic digestion 
 Plant A Plant B Plant C Plant D WRAP (2011) Wrap (2011) 





 Biosolids Whole Digestate Solid 
Digestate 










26.3 3.82 (2.6-5.6) 30.7 2.68(2.3-3.5) 4.1 9.3 n.m. n.m. 




P (%dm) 3.53 1.70(1.47-2.37) 0.63 1.76(1.57-1.86) 1.97 0.54 0.7(0.3-2.0) 0.9(0.2-5.0) 
K (%dm) 0.19 3.00(1.15-3.97) 0.53 3.94(3.68-4.54) 3.26 2.64 4.7 (1.4-9.3) 3.2 (1.5-5.9) 
Mg (%dm) 0.26 0.98(0.50-1.15) 0.4 1.09(0.66-1.3) - 1.86 0.1 (0-0.48) 0.3 (0-3.7) 
Mn (%dm) 0.07 0.03 (0.02-0.03) 0.01 0.03(0.03-0.04) - 0.0330 n.m. n.m. 
Cu (%dm) 0.05 0.07(0.02-0.11) 0.04 0.09(0.03-0.11) 0.0107 0.01080 0.003 








0.0006 0.00023 0.0029  
(0.0027-0.003) 
0.001 
Fe (%dm) 11.84 1.99(1.44-2.62) 0.623 2.15(1.73-3.02) - 0.752 n.m. 1.4 (0.16-3.8) 




S (%dm) 1.35 0.9(0.91-1.09) 0.45 1.08(1.02-1.11) 
 
- 0.63 n.m. n.m. 
%dm: Percentage of dry matter; the value in the ( ) indicates a range of values. 
n.m.: not measured 
DLS: Digestate from Live Stock  
DFW: Digestate from Food 
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Currently, there are a vast range of digestate processing technologies such as screw presses, 
decanters, dry evaporation, and membrane processes as illustrated in Figure 2.11. Separating solid 
(fiber) fraction by screw press separators and centrifuges are the most common processes.  Screw 
press separators (SPS) that are suitable for digestate contain livestock slurry that has a high fiber 
content. Unlike SPS, decanter centrifuges can separate small particles from the whole digestate. 
Transportation and packaging of the liquid digestate fraction cannot be economically viable 
without further concentration of the nutrient content. The solid digestate fraction should be dried 
to produce pellets or granules, or ground into fine material (Drosg et al., 2015). This practice is 
not common in the U.S, and much processing would be required to manufacture a marketable 
product. Table 2.10 lists the technology and techniques for the enhancement of digestate applicable 
to all the digestate produced from different types of anaerobic digestion process. These 
technologies increase the value of digestate, secure the use of digestate, and create new markets 
for digestate market (WRAP, 2012). The major barrier to new market creation is that the capital 
and operating costs of these digestate enhancement technologies present a significant financial 
challenge. In the meantime, the digestate value is relatively low and the digestate market is 
immature, therefore the economic viability of adopting those technologies is questionable. The 


















Table 2.10. Treatment Options for Digestate  









Thickening Belt, Centrifuge 
Dewatering Belt press, Centrifuge, Hydrocell, Bucher press, 
Electrokinetics  
Purification Ultrafiltration and Reverse Osmosis 
Thermal 
Drying Rotary drying, belt drier, J-Vap, Solar 
Evaporation  Digestate concentration  
Conversion Incineration, Gasification, Wet air oxidation 
Biological 
Composting Compost  
Reed beds Dewatering, pasteurization, and mineralization 
Biological 
oxidation 
Membrane bioreactors (MBR), sequencing batch 
reactors (SBR), and moving bed bioreactors 
(MBBR) 
Biofuel Production Algae, liquid digestate as process water, 
hydrolysis of solid fraction to Bioethanol, 
Microbial Fuel Cell 
Chemical 
Struvite recovery Precipitation 
Ammonia recovery Stripping + Scrubbing, Membrane Contactor, 
Ion Exchange 
Acidification Sulfuric acid or other acids are added to the 
whole digestate to decrease the pH and shift the 




Lime is used to raise the pH to reduce pathogen 
and neutralize hydrogen sulphide odor.  
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2.11 Environmental Impact Assessment of Different Scenarios 
Anaerobic digestion is recognized as one of the best alternatives to treat the organic fraction 
of MSW for food waste management. Unlike other treatment methods such as FW for animal feed, 
composting, and incineration, AD produces renewable biofuel (biogas) and by-product nutrient 
rich digestate (Ahamed et al., 2016). Depending on the choice of the end use of biogas and co-
products, life cycle impacts and the potential for avoided GHG emissions associated with 
anaerobic digestion process could be varied. Physical and chemical characteristics of food waste 
vary greatly, and diverse types of biofuels or bioenergy can be produced from a wide breadth of 
food waste sources. A direct comparison of treatment alternatives across numerous LCA studies 
is challenging. It is not possible to get uniform results because of the inclusion of high 
uncertainties. 
There are several greenhouse gas (GHG) assessment studies comparing the impacts 
associated with alternatives to landfill disposal of organic fraction of municipal solid waste 
(OFMSW). This study analyzes the potential greenhouse emissions of four treatment pathways: 
landfill, animal feed, composting and anaerobic digestion. A summary of comparative assessments 
of each treatment technology as reported in the literature is provided in Appendix A, Table A.6.  
The functional unit of all the diversion pathways is considered in terms of one metric ton of food 
waste or mixed organic material. Figure 2.12 summarizes the net environmental impacts per metric 
ton of fresh food waste treated from different waste treatment technologies, without accounting 
for avoided landfill. A wide range of results within each treatment pathway was observed and 
several reasons influence this range due to the type and composition of feedstock, technology 
configuration, utilization pathway of product and co-product, mode of transportation, etc.  
The emissions factor associated with landfilling is on average 1,020 kg CO2eq per kg per 
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ton of food waste processed. An average avoided GHG emissions factor of -98 kg CO2 eq per 
metric ton for animal feeding, -127 kg CO2 eq. per metric ton for composting, and -271 kg CO2 eq. 
per metric ton for anaerobic digestion was observed.  Manure-based anaerobic digestion systems 
can reduce 2.9 MT CO2 eq. per cow annually (Pronto et al., 2017). Figure 2.13 shows a comparison 
of net avoided GHG emissions from landfill diversion for three treatment technologies. The box 
for each treatment pathway represents the median GHG emission values from the Appendix A, 
Table A.6.  These values were used to calculate the carbon offset credits. A carbon credit is offered 
for avoiding or displacing these treatment processes through the production of the co-product.  The 
credits depend on the final destination where the co-product is being used and credits given for 
GHG emissions avoided through displacement of equivalent amounts of chemical and energy 
production. The GHG reduction should be monetized for the value of methane capture and 
reduction by anaerobic digester process rather than released to the environment. The range of 
values of net avoided GHG emissions shown in Table 2.11 indicated that there was a reasonable 
amount of overlap across the treatment pathways. For instance, depending on the type of 
operations, fuel consumption of aerobic in-vessel composting can be two times higher than aerobic 
landfills (Lou et al., 2009). Although some variations were observed, animal feeding, composting 
and anaerobic digestion was ranked as the best alternative, while landfilling was ranked as one of 





Figure 2.12. Box and whisker plots of the GHG emissions for the various food waste 
management practices. The horizontal line within the box represents the median, and the 




Figure 2.13. Offsets of GHG emissions by various food waste management practices, including  




Table 2.11. Net avoided GHG emission per ton of food waste (kg CO2 eq. / year) from different 
treatment technologies  
 Net avoided GHG Emissions 
(kg CO2 eq. per t of food waste) 
Technology Mean Min Max 
Animal feeding -98 96 -284 
Composting -127 43 -335 
Anaerobic Digestion  -271 31 -550 
*Data sources provide in  Appenddix A, Table A.6 
2.12 Environmental Credits and Incentives 
In the U.S, several federal and state agencies provide a wide range of funding opportunities 
for renewable energy projects. The complexities associated with tax credits and incentives are 
inevitable. Therefore, research was conducted on the various types of funding that would 
potentially be available for sustainable food waste management projects. Financial incentives 
include tax credits, grants, low-interest loans, and performance-based incentives that are key 
considerations in determining the economic feasibility of many anaerobic digester facility 
operations. Individual states adopt renewable portfolio standards (RPS) that require a certain 
percentage of electricity generation come from renewable energy sources and want to increase the 
renewable energy production over time.22 Some state-level renewable portfolio standards also 
support the production of renewable natural gas (RNG) for distributed electricity generation or 
transport to the power plant. 
 
                                                          




Under Section 45 of the federal tax code,  anaerobic digester generated electricity is entitled 
to receive a Production Tax Credit (PTC) and Investment Tax Credit (ITC). Currently, most of the 
financial incentives have been applied to anaerobic digestion systems on livestock operations that 
use as input animal manure only or codigestion, and energy output is as electricity via combined 
heat and power (CHP) systems. The PTC expired December 31, 2016 and was not extended.23 In 
New York State, the Anaerobic Digester Gas-to-Electricity Program under NYSERDA has also 
been phased out. Much of the available funding targets electricity generating projects while there 
are few funding programs for projects that do not generate electricity. Due to increased funding 
uncertainty for electricity generation, anaerobic digester operators and developers have been 
shifting their focus to upgrading biogas into RNG that obtains environmental credits (called 
“Renewable Identification Numbers,” or RINs), and in some cases state-level incentives such as 
California’s Low Carbon Fuel Standard (LCFS).  LCFS credits and RINs can be the market 
mechanisms that encourage or attract anaerobic digester developers to convert biogas for 
renewable and low-carbon fuels. 
The following section explains the support schemes for biogas, including the policies that 
have included in the modeling work to be presented in Chapter 6. Further information for 
renewable energy financial incentives can be found in the Database of State Incentives for 




                                                          




Federal Incentives: Renewable Electricity Production Tax Credit (PTC) 
Federal Renewable Electricity Production Tax Credit (PTC)24 is an inflation-adjusted per-
kilowatt-hour (kWh) tax credit for electricity generated by qualified energy resources and sold by 
the taxpayer to an unrelated person during the taxable year.  
State Incentives: Anaerobic Digester Gas-to-Electricity Program (PON 2828) 
Under the RFS program, New York State Energy Research and Development Authority 
(NYSERDA) offers up to $1 million per Anaerobic Digester Gas-to-Electricity Systems for the 
purchase, installation and operation of customer-sited ADG fueled and electrical power generators 
which are available through 2015.  The tax credit is for a period of 10 years after the facility’s 
placed in service date. This funding is available to the anaerobic digestion system of biomass 
feedstocks such as manure, agricultural waste, food waste and other wastes producing electricity 
and provides payments of $0.2 - 0.3/kWh depending on the individual plants. The capacity of CHP 
systems was limited to between 50 kW and 2MW.25    
Federal Incentives: Renewable Fuel Standard (RFS) 
RNG as vehicle fuel: Renewable Fuel Standard (RFS) was implemented by the U.S 
Environmental Protection Agency after consultation with the U.S. Department of Energy to reduce 
greenhouse emissions and expand the nation’s renewable fuels sectors while reducing reliance on 
imported oil (Greene, 2017). The EPA assigns numbers for each of the renewable fuel categories: 
(1) Cellulosic Biofuel (D3), (2) Biomass-Derived Diesel (D4), (3) Advanced Biofuels (D5), and 
                                                          
24 Federal Renewable Electricity Production Tax Credit (PTC)  
<https://www.energy.gov/savings/renewable-electricity-production-tax-credit-ptc> 
25 Department of Energy (2013). <http://www.dsireusa.org> 
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(4) Corn-Based Ethanol (D6). Biogas produced from Landfills, Municipal WWTP digesters, 
Agricultural Digesters, and Source Separated MSW digesters processing cellulosic materials and 
biogas from the cellulosic components of biomass processed in other waste digesters are classified 
under D3 RINs. Biogas from waste digesters (i.e., food waste) are considered as D5 RINs. EPA 
defined cellulosic materials must meet 75% threshold to be classified as D3.  Every equivalent 
gallon of renewable fuel has its own unique RIN at its point of generation or origination.  It was 
determined that one advanced Biofuel RIN equates 77,000 BTUs. D3 RINs are trading at about 
two times the value of D5 RINs, mathematical expression being: ($X/RIN x RIN/0.077 MMBTU 
= $X/MMBTU). Similar to renewable energy credits for electricity generation, RINs can be traded 
on the open market.  
Renewable Natural Gas (RNG) as Grid Injection: Unlike RNG used as a transportation 
fuel for vehicle applications, purified biogas (RNG) injected into a utility’s natural gas pipeline is 
not entitled to a monetary credit by RFS and LCFS. When it is used to produce electricity, 
renewable energy credits (RECs) can be generated from state renewable portfolio standard (RPS) 
programs. It cannot generate credits if it is used in a natural gas distribution system via pipelines 
or in gas applications, making it one of the biggest barriers limiting RNG production (Johnston, 
2014). 
  California’s Low Carbon Fuel Standard (LCFS): The Low Carbon Fuel Standard 
(LCFS) is administered by the California Air Resources Board to reduce the carbon intensity (CI) 
or emission intensity of California’s transportation fuels by 10%, by 2020. The CI of a fuel is 
measured by the GHG emissions associated with feedstock production and fuel conversion. It is 
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expressed in grams of CO2 equivalent per megajoule (gCO2eq/MJ).
26 A fuel provider for an 
alternative fuel can generate credits and sell to deficit generators (gasoline and diesel refiners). 
The carbon intensity of RNG produced from AD systems is below the current target and is entitled 
to generate LCFS credits. Therefore, the value of each gallon equivalent of RNG (GGE or DGE) 
produced consists of the value of fossil natural gas, a RIN credit and LCFS credits. Unlike RINs, 
California’s LCFS program does not expire.   
Carbon credits  
California Air Resources Board (CARB) started the nation’s most comprehensive Cap-
and-Trade Program in 2013 to regulate emitters in California (Weisberg, 2012).  Digester projects 
anywhere in the U.S. qualify to trade or sell carbon credits by avoidance of methane emissions 
from the installation of ADSs at dairy and swine farms. Carbon credits for avoided GHG emissions 
from digesting and composting organic waste was not currently accepted by California ARB and 
should be expanded to encourage organic waste diversion and processing (Weisberg, 2012).   
Depending on the market price, AD developers can sell their carbon credits for avoided GHG 
emissions. If trading carbon credits from food waste-digesters is allowed, it will likely improve 
the economics of biogas projects.  
2.13 Conclusions 
Results from this chapter show that the distribution of food wastes vary greatly across New 
York State and, therefore, regional factors greatly influence the “best” food waste diversion 
method that may be applied. Each region has significant food waste volumes but distinctly 
different existing waste management infrastructure. There could be significant variation in 
                                                          
26 LCFS 101 < https://stillwaterassociates.com/lcfs-101-a-beginners-guide/> 
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treatment technologies applied, processes adopted (e.g., mono- versus co-digestion feedstock, 
energy efficiency of different biogas systems, and digestate valorization techniques). Therefore, 
the choice of treatment scenario and technology will dictate the project economics including 
incentive benefits and digestate management method and environmental impacts. The result of this 
Chapter for the focus Regions 3 and 8 are outlined below.  
Assessment of Region 3 
• Scenario 1 – Region 3 is among the highest food waste generators, but there are no existing 
landfills or AD facilities. Out of 22 WWTPs with AD systems, only 7 meet the required criteria 
(i.e., existing AD system and effluent that is not landfilled or incinerated) and thus could 
receive additional food waste input.  
• Scenario 2 – Region 3 produces 84,890 t of food waste per year which account for 21% of 
total state-wide food waste generation but provides only a small amount of animal waste (0.6% 
of total animal waste production). Therefore, anaerobic co-digestion of food waste with animal 
waste may not be as viable as in other regions where dairy farms are more prevalent. Most 
likely, Region 3 should consider the next potential option which is food waste from large 
generators being transported to WWTPs to be co-processed with bio-solids sludge for biogas 
production.  
• Scenario 3 – Given the unique situation, Region 3 has limited options. New AD facilities 
deployed at or near food generators could be the next choice, or possibly new composting 
facilities if it is determined that sufficient market demand exists.    
Assessment of Region 8  
• Scenario 1 – Region 8 is one of the largest food waste generators, producing 54,560 t/year. 
There are also 10 existing ADs, 17 composting facilities, 25 WWTPs with operating AD 
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systems, and 6 landfills. Of the operating WWTPs, five meet the >1MGD capacity requirement 
and apply their biosolids for beneficial use.  These facilities could potentially accept additional 
food waste from large generators.  
• Scenario 2 – There are a total of 10 ADs in Region 8, only two of which are currently accepting 
annually 2,863 t of food waste (i.e., solid waste, food processing waste and packaged waste) 
which is ~4% of total food waste generated by large generators (68,731t per year before any 
waste are diverted to beneficial use). The rest of the available systems are manure-based 
anaerobic digesters on dairy farms.  Information received from some digester operators 
indicates that it is unlikely that the digesters have capacity to receive this additional material 
or could only receive a very limited quantity of additional food waste. Additional infrastructure 
would be required for farm-based digesters if they want to accept more food waste.  
• Scenario 3 – One or more entirely new AD facilities could be built to process food waste. One 
centralized facility or multiple small- or medium-scale decentralized AD facilities could be 
deployed in close proximity of major food waste generation sites. Regarding the possibility of 
utilizing new or existing composting facilities, it should be noted that information such as the 
available capacity to accept more food waste is very limited for composting facilities at the 
Regional level. Labuzetta et al. (2016) estimated that 5% of additional incoming food waste 
could be processed using existing composting facilities across all of New York State. There 
are few composting facilities currently accepting food waste from other establishments, and 
most likely new composting facilities need to be developed if this food waste utilization option 




Chapter 3: Assessment of On-Site Low Volume Anaerobic Digester 




  Anaerobic digestion (AD) technology is well suited for converting food waste into value-
added products such as biogas and fertilizer. It has been implemented from home scale to industrial 
scale for treating animal waste or wastewater at publicly owned treatment works (POTW). There 
is a significant number of large-scale digestion facilities operating worldwide largely treating 
livestock wastes and used primarily for electricity production in industrialized countries. At the 
same time, there are millions of small, household-scale anaerobic digesters deployed in developing 
countries treating manure and household wastes, mostly to provide biogas resources for heating 
and cooking. An alternative strategy is to deploy a larger number of distributed low-volume AD 
systems, whereby food waste could be treated at a single generator, or by combining waste from 
multiple generators located in close proximity (Figure 3.1).  The challenge with the latter option 
is that many incentives are available only for AD systems deployed at dairy farms, and there are 
few favorable subsidies or incentives at present for the deployment of distributed LVADs at 
institutional food waste producers or food processing plants. The increasing needs of deposing 
food waste in a sustainable manner, especially in urban areas, is a growing concern because of 
declining landfill availability. This research was therefore initiated to develop an understanding of 
the economics of LVAD deployment based on current capital and operating costs for commercially 
available systems, and the value of biogas energy and other system co-products generated. The 
cost model thus developed was applied to identify opportunities for improving LVAD economic 
viability. This work could become a baseline for other institutional generators, food processors 
and restaurants in urban areas to assess the potential opportunities to implement on-site AD system 
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treating their individual food waste, or by combining waste with other generators in close 
proximity.  
 
Figure 3.1. Map of Monroe County, New York, showing locations of dairy farms, food 
processors, institutional food waste generators and potential AD deployment strategies:   
(a) farm-based centralized systems; (b) low-volume distributed systems. 
 
3.2 Literate Review and Research Gaps  
LVADs have been deployed only at a few institutional food waste generation sites and 
there is limited publicly available information on how to design and operate such digester systems. 
LVAD systems could benefit small dairy operations, institutional food waste producers and food 
processing plants. Decentralized, low-volume AD systems could provide a local, renewable energy 
source (for both electricity and heating), reduce or eliminate waste disposal costs and limit 
discharges of high strength solid and liquid wastes. There are more than 40 million LVADs 
deployed worldwide (Figure 3.2), mostly in developing countries such as China and India (Hegde 
et al., 2015; Lou et al., 2012). Lansing et al. (2008) performed an economic assessment of small-
scale digester on a 100-cow farm. Many systems use animal manure as their primary feedstock to 
meet individual household or community heating and cooking needs, although some also use 
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human waste (bio-solids). The European Union has aggressively supported small-scale AD 
systems as a means of improving the sustainability of animal farming operations. 
 
 
 Figure 3.2. Small-scale anaerobic digesters deployed world-wide (over 40 million total).  
Adapted from Burns (2009) 
 
A recent study by De Dobbelaere et al. (2015) describes small-scale digestion (or “micro 
digestion” for the smallest installations) as a process that is applied to “…proprietary biomass 
flows for  on-site production of renewable energy. This energy is made available in the form of 
electricity and heat after combustion of the biogas in a combined heat and power (CHP) installation 
and is used to a maximum on-site.”  This study describes five case studies covering electrical 
power capacities as low as 19 kW and projected pay-back times of 5 to 10 years. There is a large 
pool of research and experience with small-scale digesters located in rural areas using animal 
wastes and some household waste as a feedstock. Nevertheless, there are relatively few studies of 
on-site, low-volume food waste based anaerobic digester and few, if any, the knowledge of treating 
organic yard waste, kitchen and market wastes in small-and-medium scale digestion option in 
industrialized countries is not substantial. Current AD technologies for small-and medium-sized 
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digesters are still not economically viable, preventing their achievement of full market potential.  
Klavon et al. (2013) studied the economic feasibility of farm-based LVADs in the U.S. by 
analyzing cost data from nine small dairies (100 to 250 cows) and seven theoretical system designs 
and determined the minimum size dairy farm for which it is economically feasible to implement 
AD. Franchetti et al. (2013) reported that on-site waste to energy systems have lower operating 
costs and lower environmental impacts.  
There is no internationally recognized standard that quantifies a small-scale system (or 
LVAD as used equivalently in this document), and different countries have offered different 
definitions. For instance, German, UK and Austria define LVAD systems as producing electrical 
power of <75kW, <50kW and <100kW, respectively (BioEnergy Farm., 2015). In the U.S., the 
focus has historically been on larger centralized systems, and in fact, the Environmental Protection 
Agency does not recommend treating manure via AD technology on farms with less than 500 
cows, for which the average capital investment is on the order of $1.5 million per system (USEPA, 
2006). Many LVAD systems are well established, particularly in Europe, and installed on farms 
for treating livestock manure and biomass wastes (De Dobbelaere et al, 2015). To our knowledge, 
there are few technical data for small-scale digesters treating exclusively institutional food waste 
or waste from food processing plants. There could be untapped potential to explore the possibility 
of applying the technology of low-cost digestion models used in developed countries for small- 
and medium-scale digesters. Although interest has been growing, LVADs for treating organic 
waste other than manure are still rare in the U.S. and other developed countries. As a result, there 
is insufficient information about existing systems and scientific literature related to the 
performance and economic viability of LVADs (Lansing et al., 2008).  
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Containerized digester systems are gaining popularity for treating organic waste due to 
their small footprint, easy installation and start-up, and flexible choice of feedstock. However, 
current commercially available LVAD technology is relatively expensive in terms of capital cost 
per ton of waste processed per year. The capital cost of AD ranged between $400,000 and 
$1,500,000 for the input processing capacity from 185 to 1,000 metric tons (MT)/year (Markham, 
2015; SUFS, 2015).  For the present study, we considered LVAD technologies as those capable of 
producing biogas to generate 100 kW of electrical power or less, with three levels of initial capital 
investment: $550,000 (low), $800,000 (medium) and $1,000,000 (high). This study also analyzed 
systems that directly used biogas for heating or steam production, with capital cost assumed to be 
on average 36% less at each level (nominally $400,000, $600,000 and $800,000 for low, medium, 
and high, respectively (Beddoes et al, 2007). 
3.3 Research Objectives 
To date, very few data exist for small-scale AD systems treating exclusively institutional 
food waste or waste from food processing plants. The novel contribution of Chapter 3 is to evaluate 
the feasibility of deploying low-volume anaerobic digestion (LVAD) systems at institutions 
generating significant food waste, using Rochester Institute of Technology (RIT) as a case study.  
Research question that was addressed in this Chapter include: 
• What are the technical and economic challenges to operating LVAD systems for 




3.4   Research Methods 
3.4.1 Case Study Context  
At Rochester Institute of Technology (RIT), as well as many institutions in the U.S., much 
of the food waste generated is sent to landfill, generating significant amounts of greenhouse gases 
and leachate, which contribute to global climate change and contaminated groundwater. 
Additionally, this disposal method incurs expenses from transport and tipping fees that could 
potentially be avoided. RIT currently generates more than 2 metric tons of food waste per week 
and to date only 10-15% of this material has been diverted from landfills to centralized composting 
or AD facilities.  RIT currently pays $66/t tipping fee for landfilled waste (Cardinal, E., 2015). 
LVADs have been deployed at only several institutional food waste generation sites, and there is 
limited publicly available information on how to design and operate such digester systems. This 
chapter conduced (1) estimating the amount of organic waste generated on campus and its biogas 
production potential; (2) proposing a suitable anaerobic digestion system architecture; and (3) 
performing a cost-benefit analysis to assess economic viability. Mass flows and energy balance, 
net present value (NPV), and discounted payback period (DPP) were used to assess the feasibility 
of implementing an anaerobic digestion system utilizing the campus organic waste resources. The 
data in Appendix B (Tables B.1 and B.2) were used to evaluate the achievable digester size for 
RIT and, coupled with other information below in Tables 3.1-3.2, perform the final cost analysis 
summarized in Table 3.3. Food waste (pre-and-post consumer) used in bio-methane potential 
(BMP) experiments was obtained from the source-separated waste collection bins of the Grace 





3.4.2 Mass and Energy Balance of Anaerobic Digester System 
 To design an anaerobic digestion system, the first step is to quantify the amount of waste 
generated and the cost of collection. The amount of organic waste generated on campus was 
determined based on data and mathematical formulae provided in Ebner et al., 2014a; 2016 and 
presented in Equation 3.1. RIT generates approximately 416 metric tons of food waste per year.  
Total food waste generation             
=  number of students at RIT × estimated food waste generation by universities          (3.1)        
=  (15,401 undergraduate students × 26 kg/student/yr) +   
         (3,205 graduate students × 5 kg/student/yr)  
=       416 metric tons of FW/yr 
  
 
 Currently, the amount of organic waste diverted from landfill is approximately 100-150 
MT/year from its main dining halls to a large centralized anaerobic digester. If RIT converts all of 
its 416 MT of food waste annually by anaerobic digestion, total energy of 1,650 GJ is available to 
use in a combined heat and power (CHP) system to generate electricity and recover heat energy to 
further utilize for other uses. Alternatively, the biogas could be used directly in a boiler system to 
satisfy heat demand as a potential replacement for natural gas. Solid digestate can be directly 
applied to croplands or further composted to produce high quality bio-fertilizer. Liquid digestate 
can be used as agriculture fertilizer. Sale of digestate and additional associated costs of hauling 
digestate to the designated location was not included in the following analysis.  Figure 3.3 






3.4.3 Temperature Control and Biogas Production 
The temperature of AD systems is one of the most critical factors for economically feasible 
digester operation in cold climates like upstate NY, because heating could represent a large portion 
of the overall operation cost. Gebremedhin and Inglis (2007) reported that 18% of total biogas 
production was utilized for digester operation from maintenance heat required to be added to 
overcome thermal losses, and for heating the influent food waste from ambient temperature to the 
target digester temperature. The thermal energy requirements for digester operation are dependent 
on various factors, including feedstock characteristics, digester system features and geospatial 
location. For the generic model presented below, energy required to maintain the AD process was 
not included in the analysis. The basic operational parameters for the design and implementation 
of an on-site LVAD system are summarized in Appendix B (Table B3.2).  
Annual total bio-methane yield (TBMY) of organic wastes per metric tons of volatile solids 
generated in RIT was calculated by Equation 3.2. Biochemical methane potential (BMP) (Bo) 
assays were conducted as described by Angelidaki et al. (2009) with minor modifications at 
mesophilic conditions for 30 days using an in-house AMPTS II system (Bioprocess Control). Food 
waste resulted in a Bo of 400 ± 50 mL CH4/g VS (n=12). 
TBMY   =  (W1 x %VS x BMP)         (3.2) 
   =  (416 FW MT/ year × 25.7 %VS × 400 m3CH4/ MT) 
   =  43,000 m3/yr 
where: 
TBMY   =  Total bio-methane yield (m3CH4)    
W     =  Weight of food waste generated (MT FW /year) 
VS          =  %Volatile solids concentration (average volatile solids to fresh solids ratio of FW) 
BMP       =  Bio-methane potential of food waste  





Figure 3.3. Simplified schematic of the mass and energy balance of anaerobic digestion system 
 
3.5 Economic Analysis of LVAD deployed at an Institutional Waste Generator  
There are two types of anaerobic digestion systems selected to utilize biogas for different 
applications: 1. direct utilization of biogas through a boiler system, and 2. electricity and waste 
heat generation through a CHP system. The key variables are capital cost, operation and 
maintenance (O&M) costs, organic waste hauling fees, heat and electricity saving from AD, and 
carbon credit and ADG –to-Electricity incentives from NYSERDA27. 
 
Capital, operation and maintenance (O&M) costs      
Capital cost is the major consideration for economic feasibility. The capital cost varies with 
the type of feedstock, size and type of digester system, and output biogas utilization. AgSTAR 
(2011) reported that there have been economic studies for small-scale dairy farm-based digesters, 




with the estimated capital cost of $1,500 per cow. However, only a handful of low-volume 
digesters processing purely food waste or co-digestion with food waste have actually been 
implemented, and therefore little information is available for capital and O&M costs. The capital 
cost of commercially available LVAD systems ranges between $400,000 and $1,500,000, and the 
normalized capital cost of per ton of waste could be from $1,500 to $2,200/t of annual capacity. 
Net costs per ton of feedstock decrease with increasing input feedstock capacity processed in the 
AD system. 
Beddoes et al (2007) reported that if electrical generation equipment is not included in an 
AD system, the capital cost could be reduced by as much as 36 percent. Thus, AD without 
electricity generation could be the lower capital cost option, and direct utilization of biogas may 
benefit the institution, provided they have significant existing natural gas demand. Food waste 
storage tank, water tank, pretreatment equipment, and gas storage tank are considered to be 
included in the digester system. Martin, J. H (2007) reported that annual O&M costs are estimated 
to be 3% of the capital cost of digester system. In a USDA (2014) report, O&M costs were assessed 
for dairy farm-based digestion systems with a generator, and determined to be between 2.4% and 
5.8% of capital cost, but there are limited data available for LVAD systems treating food wastes. 
Interviews with local AD facility operators were conducted, and indicated the O&M costs of AD 
system without electricity generation are 2% of capital cost. The O&M costs are expected to vary 
between the two operation modes considered (AD+B vs. AD+CHP). In the present study, O&M 
costs of AD installed with a boiler and CHP system are estimated to be 2% and 5% of capital cost, 
respectively.  The majority of operation cost was applied for repairs and general maintenance of 
the electricity generation equipment. All costs used in the model was listed in Table 3.1.  
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 In this analysis, the capital cost was separated into three ranges (low = $400,000, medium 
= $600,000, and high = $800,000) for boiler system (AD+B) and three ranges (low = $550,000, 
medium = $800,000, and high = $1,000,000) for CHP system (AD+CHP). It was assumed that the 
capital cost is 36% higher than in CHP option for the same input capacity, as stated above. In this 
model, the proposed AD system is located at RIT and therefore collection and transportation costs 
associated with food waste from residence halls, apartment complexes, and dining facilities to AD 
system is negligible and not included. There were five economic scenarios considered based on 
these two main design options:   
 
a) AD+B      without incentives 
b) AD+B       with carbon credit 
c) AD+CHP  without incentives 
d) AD+CHP  with renewable energy incentives  
e) AD+CHP  with renewable energy incentives & carbon credit 
 
 
Table 3.1. Capital and O&M costs with 3 levels of investment  
(based on 416 t/ year of input food waste capacity) 
 Low Scenario Medium Scenario High Scenario 
Capital Cost + Boiler ($) 400,000 600,000 800,000 
Capital Cost + Boiler ($/t) 960 1,440 1,925 
O&M Cost + Boiler yr-1 ($) 8,000 12,000 16,000 
O&M Cost + Boiler ($/t) 20 30 40 
Capital Cost + CHP ($) 550,000 800,000 1,000,000 
Capital Cost + CHP ($/t) 1,300 1,900 2,400 
O&M Cost + CHP yr-1 ($) 27,500 40,000 50,000 









Revenue from disposal cost saving 
 Currently RIT diverts approximately 30-40% of its food waste to an anaerobic digester. 
Hauling fees are charged based on the number of totes generated per week and the number of totes 
can vary by month and season. Per metric ton charge for hauling food waste to the digester is 
approximately $115, whereas waste sent to landfill is charged $60 per metric ton.  
 
Revenue from energy saving 
 
 Biogas from the LVAD system can be directly combusted in boilers to generate hot water, 
and some fraction would be used to supply the digester heating requirements and the food waste 
influent before entering the digester. Savings could also be achieved by replacing biogas as natural 
gas for heating.  Alternatively, biogas can be used to generate electricity through a CHP system 
and waste heat from the system can provide additional thermal energy. Saving could be achieved 
by both electricity generation and waste heat utilization. Electricity generation (EG) and recovered 
waste heat generation (HG) from CHP system were calculated based on the Equations 3.3 and 3.4: 
EG (MWh/year)    = BMP x CV x  ŋ𝑒𝑙                                                 (3.3) 
HG (BTU/year)     = BMP x CV x ŋ𝑏𝑙                                           (3.4) 
 
Direct use of biogas through boilers was calculated based on Equation 3.5. 
BG (CF/year)  = BMP x ŋ𝑏𝑙2                                                               (3.5) 
where: 
BMP = Bio-methane production per year (m3 CH4/year) 
CV  = Calorific value (MJ/ m3 CH4) 
ŋ𝑒𝑙 = Electrical conversion efficiency (%) 
ŋ𝑏𝑙1  = Boiler efficiency in CHP system (%) 




Revenue from renewable energy incentive 
At present, there are no incentives available for small-scale AD with direct biogas 
utilization either at farms or at food waste generating institutions. In this analysis, NYSERDA’s 
anaerobic digester gas-to-electricity incentives under the Customer-Sited Tier (CST) program 
supporting the installation and operation of ADG-to-electricity systems in New York State was 
used a reference to calculate the incentives for AD with electricity generation.  This program is 
only to support engine size range between 50 kW and 2 MW, and electricity generated must be 
utilized at the customer’s location (Enahoro et al, 2008).  
Revenue from carbon credit 
The economic viability of low-volume anaerobic digester systems could be improved, and 
additional revenue earned if carbon credits are applied. Carbon credits are granted by avoiding 
greenhouse emissions through electricity generation with biogas and by displacing fossil fuel and 
natural gas-sourced power. Fugitive emissions (i.e., CO2 and CH4) released from the operation of 
large-scale AD due to leaks and incomplete combustion from electricity and biogas generation 
ranged between 2.1% and 3.1% of CH4 production rate (Ebner et al, 2014b). In this model, we did 
not directly account for GHG offsets and carbon credits due to the lack of reliable data available 
for low-volume AD as well as avoidance of emissions from diverting food waste from landfill. 
Internationally, carbon credits have ranged between $15 and $30 per metric ton of CO2 equivalent 
emissions avoided (Key & Sneeringer, 2011). EPA has estimated that carbon offset price could be 
$13 per ton of CO2 if the American Clean Energy and Security Act of 2009 had been enacted 
(Perez Garcia, 2014) and this latter value was used in the current analysis. Equation 3.6 was used 
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to estimate the potential carbon credits from biogas and electricity production and the input data 
used in Equation 3.6 can be found in Appendix B, Table B.1  
Carbon credit = Annual total bio-methane production conversion efficiency x carbon offset price  
                        (3.6) 
Carbon credit for biogas production 
=  (43,000 m3CH4/yr) x (85% eff.) x (6.1 kWh/ m
3CH4) x (3,412 Btu/kWh) x  
            (1.0E-5 therm/Btu) × (0.005302 tCO2eq/therm) × ($13/tCO2eq) = $525/year 
 
3.5.1 Net present value (NPV) model  
 
 The profitability of the AD system was analyzed based on net present value (NPV), by 
using input data from Table 3.2. The lifetime of the AD system was assumed to be 20 years, 
slightly higher than the lifetime of 15 years reported by Perez Garcia (2014). The net present values 
of five options were calculated with three capital investment scenarios. The assumptions listed in 
Table 3.1 were used to calculate the expected discounted net present value and discounted payback 
period, using Equations 3.7 and 3.8. The NPV is the present net cash flow measured in today’s 
currency in a determined period of time, and cash flow is the difference between the income 
revenue and the costs associated with a determined year. 
 




𝑡=1                      (3.7) 
where: I     =  initial capital cost;  
 CFt =  cash flow; 
 i     = discount rate 
 f     =  inflation rate 





 The cost calculations were carried out based on five options below which included three 
scenarios: with or without incentives; renewable energy credit under NYSERA ADG to electricity 
program; and carbon credits together with three investment scenarios (low, medium, high).  
 
Cash Flowt = Operating and Maintenance Costs – Revenue                            (3.8) 
Revenue = Natural gas saving + Electricity saving + Renewable energy incentives +  
                  Carbon Credit      
Option a: CFt = O&M costs – (Disposal saving + Natural gas saving) 
Option b: CFt =  O&M costs – (Disposal saving + Natural gas saving + Carbon credit) 
Option c: CFt =    O&M costs – (Disposal saving +Electricity saving)           
Option d: CFt =    O&M costs – (Disposal saving +Electricity saving + Renewable energy  
                             incentives) 
Option e: CFt =  O&M costs – (Disposal saving + Electricity saving+ Renewable energy 
incentives + Carbon credit) 
 
Table 3.2. Financial model inputs 
Expected maturity date  yr. 5, 10, 15, 20 
Inflation Rate  % 3 
Internal rate of return (IRR)  % 10 
Tipping Cost  $/MT 115a 
Average electricity rate in NYSb  $/kWh 0.09 
Average natural gas rate in NYSc  $/therm 0.9 
Carbon Credit  $/CO2eq 13 
Annual Disposal Cost Saving (RIT) $/yr 47,840 
Annual Electricity saving (RIT) $/yr 62,210 
Annual Natural gas saving (RT) $/yr 54,688 
NYSERA incentives (total)  $ 290,035 
a Average landfill tipping fees in NYS 
b(http://www.nyserda.ny.gov/Cleantech-and-Innovation/Energy-Prices/Electricity/Monthly-Avg-
Electricity-Industrial) 







3.6 Results and Discussion 
 
 From this baseline model using cost data from current commercially available systems, the 
proposed digester systems did not show positive economic performance with or without electric 
generation, nor with or without incentives, because of the high capital costs and insufficient food 
waste to generate income. For Options a and b, except for the low investment scenario, there is no 
positive cash flow for all the scenarios and DPP is more than 20 years in most cases. Due to the 
current low carbon offset price per ton of CO2, NPV and DPP of Option b is not significantly better 
than Option a. Historically low natural gas and electricity prices (currently ~90 cents/therm and 
~9 cents/kWh at RIT, respectively) make the digester system less economically viable from the 
standpoint of competing with incumbent energy sources. 
 Because of the high initial capital and O& M costs, the proposed systems are unable to 
recover enough revenue through the savings of disposal, natural gas, and electricity costs. For 
Options d and e, with the help of NYSERDA incentives, NPV is positive over 12 and 11 years 
only under low investment scenario. Due to low carbon offset price, Option e with carbon credit 
offset did not provide better economic return than option d. Under most scenarios, centralized 
large-scale AD plants can produce power or gas at a lower cost than decentralized LVAD systems. 
For economic viability of medium- and small-scale digesters, the production cost of biogas or 
electricity should be competitive or lower than grid natural gas or electricity price (Klavon et al, 
2013 and Hegde et al, 2015). Table 3.3 shows expected discounted net payback period based on 





3.6.1 Sensitivity Analysis 
 
Many factors could improve the negative cash flow, such as lower capital cost, tipping fees 
from accepting more feedstock, higher carbon credit, and sale of the solid and liquid digestate. 
Ghafoori et al. (2007) reported that the current level of carbon credits does not enable economic 
viability for manure-based AD system and suggested that the carbon credit required to support 
broader deployment of AD technology should be $125 per t of CO2 or more. Addition of food 
waste from other locations could increase biogas production, generate additional revenue through 
tipping fees, and improve the economies of scale. The model described above was used to perform 
an additional sensitivity analysis by increasing the volume of food waste to 1,000 MT per year 
(from the 416 MT/year generated on the RIT campus) in the “no incentives” scenario (Figure 3.4).  
Using the RIT food waste resources, a 5-year discounted payback period can be achieved 
only if the capital cost of the LVAD system (with boiler only, no electricity generation) can be 
reduced to about $200,000. This level is significantly lower than current commercially available 
systems and may not be practical. However, if the food waste resources are increased to 1,000 
MT/year by accepting feedstocks from other generators in close proximity, the analysis looks 
much more favorable. Because of the higher methane production and revenue realized through 
tipping fees, 5-year discounted payback period is achieved for a system with initial capital cost 




Figure 3.4. Discounted payback period vs. system capital cost for RIT-only feedstock and 
















Table 3.3. Economic results of case study based on NPV model 















Option a: AD+BG (w/o incentives) 
Low  14 
Medium  >20 
High >20 
Option b: AD + BG: CC 
Low 14 



















Option c: AD+ CHP:(w/o incentives) 
Low >20 
Medium  >20 
High >20 
Option d: AD+CHP: REC 
Low 12 
Medium  >20 
High >20 
Option e: AD+CHP:REC + CC 
Low 11 















3.7 Conclusions  
The preliminary design and feasibility study of anaerobic digestion system at RIT suggested 
that the AD system would have the capacity to produce bio-methane yield of 43,000 m3/year and 
energy yield of 1650 GJ/year. The digester would also produce byproduct digestate, which consists 
of solid digestate of 21 MT (TS) and liquid digestate of 85,000 gallons. The RIT-based LVAD 
system showed positive NPV only after 14 years without incentives at the low investment scenario 
under direct combustion of biogas option. We calculated a payback time of more than 20 years for 
Option C which includes high initial investment on CHP and high O&M costs.  
The capital cost of deploying LVADs at food waste generation sites needs significant 
reduction. An attractive approach is to directly utilize biogas on-site for steam generation or space 
heating, thereby eliminating altogether the gen-set for electricity production. This study shows that 
net positive NPV can be achieved if subsidies and incentives were applied to offset the initial 
capital investment. A 5-year discounted payback period can be achieved only if the capital cost of 
the LVAD system (with boiler only, no electricity generation) can be reduced to about $200,000. 
The capital cost of commercially available LVAD systems ranges between $400,000 and 
$1,500,000. However, the economics can be improved by driving down equipment cost and 









Chapter 4: Utilization of Waste Cooking Oil in Biodiesel Production 
and New Uses for Crude Glycerol 
4.1 Introduction 
In the context of developing biorefinery systems for institutional food waste generators, it is 
important to consider waste cooking oil as another widely available feedstock that has significant 
potential for valorization. Global demand for petroleum has been increasing due to rising 
populations, expanding industrialization, and urbanization. There is an urgent need to search for 
alternative fuels due to growing environmental concerns about greenhouse gas (GHG) emissions 
from fossil fuels and the volatility of fuel prices. Transesterified vegetable oil (i.e., biodiesel) is 
one of the promising alternative fuels that may replace conventional petroleum diesel because it is 
renewable, biodegradable, non-toxic, and has a relatively low aromatic and sulfur content. At the 
same time, it offers relatively low net CO2 emissions, high fuel efficiency and a high conversion 
rate. Biodiesel can be synthesized from a wide range of feedstocks (e.g., edible vegetable oils, 
animal fats and waste cooking oil) through the reaction of triglycerides with a monohydric alcohol 
in the presence of a base or an acid catalyst to form fatty acid methyl ester (FAME) and glycerol. 
A major economic challenge of commercializing biodiesel from edible oils is the high feedstock 
cost and conflict with feedstocks that could be used as food resources. 
Institutions have a concentrated and fixed population, which generates stable volumes of 
waste cooking oil (WCO) production, and disposal of WCO at landfills or wastewater treatment 
facilities creates a substantial economic burden for institutions. RIT generates 5,000 gallons of 
waste cooking oil per year from various food service operations, and also spends a substantial 
amount of money for its cleaning supplies. RIT receives $0.50/gallon by selling waste cooking oil 
to Baker Commodities, Inc. which currently collects all of the university’s waste cooking oil 
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(Bruton et al, 2014).  Biodiesel can be utilized by the fleet of University vehicles and other 
applications. However, disposing of the crude glycerol byproduct generated from biodiesel 
production will be a major obstacle to implementing the biodiesel program. Crude glycerol can be 
refined and used to produce soap. Potentially, the soap could be used in cafeterias and bathrooms 
across campus and dining services. To make the program viable, RIT should find utilization 
pathways for glycerol in value-added products. RIT expends significant resources to purchase 
liquid hand soap for bathrooms and dining services. Conversion of crude glycerol from biodiesel 
into purified glycerol, and the sale of it into the market could be one of the potential utilization 
pathways. Chapter 4 studies the production of biodiesel by homogeneous base-catalyzed 
transesterification of waste cooking oil obtained from food service businesses and institutions. In 
addition, the purification and potential valorization of crude glycerol generated as a by-product of 
the transesterification reaction is also presented. In this chpater, the various utilization pathways 
avaiable to community-based biodiesel producers have modeled to determine the potential option 
(Figure 4.1). 
 




4.2 Literature Review and Research Gaps 
Oils and Fats International (OFI) has predicted that global total vegetable oil production in 
2017/2018 will be 195 million metric tons (Lim, 2017). It is reasonable to expect that such large 
oil production levels will ultimately translate into availability of large volumes of waste cooking 
oil (WCO), also referred to as yellow grease, typically derived from edible oil that has been used 
for a certain period in a deep-frying process, and it has a recycle value. Brown grease is often 
collected at grease traps in sink drains to prevent discharges of fats, oils and grease (FOG) from 
entering and clogging sewer pipes. National Renewable Energy Laboratory (NREL) has estimated 
that between 3 and 21 lbs. per perosn per year  (1.4 and 9.5 kg) of yellow grease from fast food 
restaurants are produced in the metropolitan areas of the United States (Wiltsee, 1999). The 
average amount of grease discharged from each restaurant to sewage treatment plants ranged from 
800 to 17,000 lbs. per year (363 to 7,718 kg per year). Similarly, Wiltsee (1999) reported total per 
capita production of 4.1 kg/year of yellow grease and 5.9 kg/year of brown grease (grease trap 
waste), and based on total U.S population this translates to an estimated 1.23 billion kg (358 
million gallons) of waste oil and 1.81 billion kg (525 million gallons) of grease trap waste per year. 
It is therefore, likely that a significant volume of used grease and oil resources is available for 
conversion to biodiesel fuel. Low-grade oil, mostly waste cooking oil (WCO), could be a potential 
substitute as an alternative to edible feedstocks, despite the generally high free fatty acid (FFA) 
and water content of WCO. Repurposing waste cooking oil into biodiesel not only eliminates the 
discharge of this material to treatment facilities but also provides the benefit of reduced water and 
soil pollution.  
Waste cooking oil as a triglyceride supply from domestic and food service industries is the 
most economically viable feedstock because it is essentially “free” and potentially lowers the 
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production cost significantly while also solving a serious waste disposal issue.  However, the main 
disadvantages of waste cooking oil are the high free fatty acid (FFA), water and food residues 
content, depending on the cooking process and the storage type. Yellow grease (waste cooking oil) 
typically contains <15% FFA, while brown grease, fats, oils and grease (FOGs) from grease traps 
or sewer systems often have >15% FFA. The content of FFA in the oil significantly increases 
during heating and frying processes over a long period. High FFA and water content and other 
impurities can present challenges to producing high-quality biodiesel (Wallace et al., 2017). 
Recycled WCO to produce biodiesel is a great alternative, but glycerol is an unavoidable 
byproduct generated in the biodiesel production process and produced at approximately 10-20% 
(w/w) of the primary biodiesel product. For every 1 kg of biodiesel produced approximately 100g 
of crude glycerol is generated (Quispe et al., 2013). Hence, a surplus of glycerin may be created, 
and there is presently little market value for crude glycerin. Thus, disposing of the crude glycerol 
byproduct generated from biodiesel production will be a major obstacle to implementing the 
biodiesel program. The by-product, crude glycerol, could be treated as “waste” if there is no 
perceived economic value. Thus, the development of effective utilization of crude glycerol might 
be a possible solution for the biodiesel producers in improving the economics of biodiesel 
production. Today, the market price of crude glycerol (80% purity) is $0.04/lb.-$0.09/lb. 
($0.09/kg-$0.20/kg), while the current purified glycerol value is $0.27/lb.-$0.41/lb. ($0.59/kg- 
$0.90/kg) (Nanda et al., 2014). Because crude glycerol is a low value, high volume constituent, 
there is an urgent need for finding viable utilization pathways for glycerol in value-added products, 
which would improve the overall economic and environmental performance of biodiesel 
production. The production cost of biodiesel is essentially inversely proportional to the market 
value of crude or purified glycerol. Currently, there are more than two thousand industrial uses for 
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glycerol. It is widely used in diverse applications such as pharmaceutical products, food, industrial, 
cosmetic products, animal feedstuffs, and chemical industry products. Food, personal care and oral 
care products are three main market sectors that account for 64% of total purified glycerol 
consumption (Quispe et al., 2013). 
Glycerol can also be used as a potential co-digested feedstock in anaerobic digesters to 
increase biogas production. (Oliveira et al, 2015). The price of the purified glycerol and its 
production costs varies based on its purity grade and end use application. The production cost of 
purified glycerol is prohibitive for small- and medium-sized biodiesel manufacturers. The average 
purification cost for crude glycerol is $ 0.58/kg and the purified glycerol cost is approximately 
US$ 0.9/kg (Quispe et al, 2013).  Because glycerol purification requires significant energy input, 
it is important to utilize it in high value applications which would give overall economic and 
environment benefits for biodiesel production. Yang et al. (2012) reviewed the current and 
potential value-added applications of crude glycerol from biodiesel production and reported that 
crude glycerol can be used as alternative carbon sources for the removal nitrate in the wastewater 
denitrification process. Van Dyne et al. (1996) evaluated the economic effects of a community-
based biodiesel production system in rural communities. They discovered that implementing 
biodiesel production system in rural communities would increase economic activities through job 
creation, resulting in an increased tax base and a decrease in imports of petroleum products.  Smit 
et al.  (2012) explored the benefits of deploying small-scale, community-based biodiesel energy 
systems in Small Island Developing States (SIDS). Pienaar et al.  (2012) assessed the economic 
feasibility of constructing small-scale biodiesel production facilities. Phalakornkuled et al. (2009) 
performed an economic analysis of biodiesel from animal fat based on a community-scale in 
Thailand. Bruton (2014) conducted a life cycle assessment of an institutional scale waste cooking 
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oil-to-biodiesel for space heating applications. A summary of universities in the United States that 
are currently producing biodiesel from waste cooking oil, and a few also have parallel soap 
production operations was provided in Appendix C, Table C.1 
4.3 Research Objectives  
Biodiesel conversion of WCO as feedstock is well documented, but there are not many 
published studies addressing crude or purified glycerol from biodiesel production utilized in either 
community or commercial-scale soap production. There are relatively few studies of WCO-to-
biodiesel production at an institutional scale, and few if any studies have considered the effect of 
utilizing byproduct crude glycerol in different possible saponification processes.  Therefore, 
Chapter 4 explores several applications of utilizing purified glycerol through various soap making 
(saponification) processes. The economic feasibility of each pathway was analyzed by net present 
value and discounted payback period methods. Chapter 4 addresses the following research 
questions:  
 
• What are the technical challenges and potential economic benefits of converting waste 
cooking oil into biodiesel at institutional food waste generators, considering utilization of 
by-product crude glycerol? 
• What option for converting glycerol into soap provides the greatest economic benefit for 





4.4 Research Methods 
4.4.1 Transesterification of Waste Cooking Oil 
Biodiesel production via the transesterification reaction is one of the most common 
commercial processes. During the transesterification process, also known as alcoholysis, 
triglycerides of fatty acids are reacted with alcohols in the presence of a catalyst to form 
monomethyl esters (biodiesel) and glycerol as co-products (Van Gerpen et al, 2004), as shown in 
Figure 4.2. The main impacts of the transesterification process stem from energy demands (both 
thermal and electrical) followed by methanol production (Dufor and Iribarren, 2012). The amount 
of methanol and catalysts required in transesterification is highly dependent on the purity of the 
feedstocks (De Araújo et al., 2013).  
 
 
Figure 4.2. General chemical equation for the overall transesterification reaction 
where R1, R2, R3 are long-chain hydrocarbons (fatty acid chains) 







4.4.2 Glycerol Purification  
Glycerol is a trivalent alcohol also known as 1, 2, 3-trihydroxypropane, and glycerin or 
glycerine are its commercial names. Glycerol is the major by-product of biodiesel production 
through the well-known transesterification process.  It is produced at approximately 10 - 20 wt% 
of the primary biodiesel product (Quispe et al, 2013). Glycerol is the main component of 
triglycerides, usually found in vegetable oil, animal fat, and crude oil.  It is also derived from soap 
production via saponification. Biodiesel production is derived from the transesterification process 
(Knothe et al, 2005). Figure 4.3 shows the schematic flow diagram of two steps (esterification and 
transesterification processes) in biodiesel production from waste cooking oil.  
 
Figure 4.3. Overall schematic process flow for biodiesel production using institutional WCO 
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Crude waste cooking oil (CWCO) that was used in biodiesel production was collected from 
RIT dining services as the raw material feedstock. Experimental data indicate that 50 gallons of 
WCO mixed with 10 gallons of methanol, 190 ml of sulfuric acid (minimum 93% purity) and 
2,350 grams of KOH (solid) yield approximately 48 gallons of biodiesel and 12 gallons of crude 
glycerol (Bruton et al., 2014). Crude glycerol was drained from the final biodiesel production 
volume, separated as a dark brown liquid with relatively high density and viscosity (Tiangfen et 
al., 2013). The mixture consists of glycerol, a small amount of residual methanol, water, remaining 
potassium hydroxide (KOH) and by-product soap. There are different kinds of purification 
methods and technologies available today, such as neutralization, acidification, ion exchange 
resins, vacuum distillation, and membrane separation, etc. They could be used in single or multiple 
stages. Studies have shown that the combination of more than one would increase the purity level 
to as high as 99.2% (Wan Isahak et al., 2014). Among these methods, distillation is the most 
common and has already been the well-established technology, but it is still expensive to apply in 
producing highly purified glycerol. The drawback is that the distillation process is highly energy 
intensive and consumes a large amount of water during condensation. The wastewater derived 
during purification are treated to recycle or sent to wastewater treatment plant.  Purification of 
crude glycerol generated by an institutional-scale biodiesel process developed in our laboratory 
was achieved by chemical treatment combined with vacuum distillation, as described by Hunsom 
et al., 2013 with additional modifications extracted from the literature (Tiangfen et al., 2013; 
Manosak, et al., 2011; Kongjao et al., 2010; Marbun et al., 2014; Hajek and Skopal, 2010; Yang 
et al., 2012). The following these steps were also used: 
(1) Acidification 
(2) Neutralization 
(3) Vacuum distillation, and (4) Activated carbon adsorption.  
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Figures  4.4  below, illustrate  the overall process of converting crude glycerol to purified 
glycerol in an institutional-scale process. Crude glycerol from biodiesel production was acidified 
with H3PO4 and left for 12 hours before phase separation. After complete separation, the upper 
phase consisted of free fatty acid, methanol, water and acids, while the lower phase was a glycerol-
rich layer with some methanol, water and salt. The result had a dark brown color. The lower phase 
also  had a small fraction of an inorganic salt-rich layer with a high concentration of potassium 
phosphate. The final purified glycerol by-product was obtained after adsorption with activated 
carbon.  
Step 1: Acidification: Addition of a phosphorus acid solution (85% H3PO4, Sigma-Aldrich) was 
added to improve the acidity of crude glycerol. This produced three distinct layers: a free fatty acid 
top layer (FFA), a glycerol-rich middle layer and an inorganic salt-rich bottom layer. A filter funnel 
with a pore size between 70 and 100 µm was used to remove the precipitated salt from the mixture 
and to separate the upper layer from the glycerol-rich middle layer. These two layers were then 
poured into the separation funnel to remove the glycerol-rich layer for further processing. 
Step 2: Neutralization: The glycerol layer was then neutralized by the addition of 12.5 M NaOH 
to achieve the required pH to 7.0 and remove the precipitated salts. 
Step 3: Vacuum Distillation: The methanol and water from the glycerol were removed using two 
methods. In the first method, the glycerol solution was placed on a hot plate at 100°C for 2 hours 
to release both methanol and water into a chemical hood. In the second method, the glycerol 
solution was placed in a vacuum distillation unit to extract the excess methanol at 60°C for 50 to 
60 minutes at 95ºC, and then to remove the water for 50 to 60 minutes at a pressure of 3kPa. From 
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an environmental standpoint, the latter method should perform better, as excess methanol can be 
recovered and reused in the biodiesel process.  
Step 4: Activated Carbon Adsorption: The glycerol solution obtained from the prior process steps 
was then passed through a column of commercially available activated carbon to remove odor, 
color, and other impurities yielding viscous, nearly colorless and odorless glycerol solution. 
Although adsorption with activated carbon is widely used, it remains an expensive material. 
Activated carbon can also be reused in the process at least a few times, provided the color and 
purity of the glycerol product are closely monitored.  
 




Figure 4.5. (1) Waste Cooking Oil (WCO); (2) biodiesel; (3) crude glycerol; (4) separated layers: 
(a) FFA; (b) glycerol; (c) salt; (5) refined glycerol; (6) liquid glycerin soap. 
 
In Figure 4.5, the transesterfication and purification stages are illustrated: (1) waste 
cooking oil,  (2) biodiesel, (3)  crude glycerol from biodiesel production; (4)  crude glycerol is 
acidified with H3PO4 and left for 12 hours (a) upper phase consists of free fatty acid, methanol, 
water and acids; (b) second phase yields  a dark brown glycerol rich layer with some methanol, 
water and salt; (c) bottom phase has a small fraction of inorganic salt rich layer with a high 
concentration of   potassium phosphate; (5) purified glycerol after adsorption with activated 
carbon, quite viscous and nearly colorless and odorless and (6) the last stage is saponification, 
details were described in next section. Laboratory equipment was used to execute the glycerol 
purification stages is shown in Figure 4.6. 
Figure 4.6. Laboratory equipment for glycerol purification 
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4.4.3 Saponification Process 
Soap is produced by the saponification of triglyceride from animal fat or vegetable oil 
(Figure 4.7), whereby fatty acids are reacted with NaOH or KOH (caustic soda) to produce 
glycerine, fatty acid and salts; 10-15% of glycerine is produced during the saponification process. 
However, most commercial soap manufacturers remove and sell the glycerine, or convert it into 
more profitable beauty products.  Glycerine is a highly hygrosopic liquid, and it can be easily 
dissolved in water or alcohol, but not in oil. It also serves as a humectant that attracts moisture 
from the environment to the surface layers of the skin and hair (Miller, K. 2010). It provides 
cleansing, lubricating, and soothing properties.  
 
Figure 4.7. Basic reaction of the saponification process 
 Adapated from Tan et al., 2013 
 
Crude glycerol by-product of biodiesel contains glycerin, soap, methanol, and some 
saponifiable elements. Once the methanol is removed from either crude glycerol or purified 
(refined) glycerol, it can be used to make soap like any other glycerin. However, purified glycerol 
has more glycerin content and less impurity. Many ingredients are used to produce soap, including 
oils/fats, lye (NaOH/KOH) and water (Figure 4.8). The ingredients are chosen depending on the 
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individual preference and the economic value of the desired end-product. The compositions and 
chemical properties of some of the oils used in this work are discussed as follows: 
Hard oils are composed mainly of stearic, palmitic and lauric acid. Fats containing these 
acids can be found in coconut oil, palm oil and tallow from animal fats. In this experiment, coconut 
oil is used as a hard oil (also known as saturated oil) to make solid soap because it has 52% wt of 
lauric acid. Saturated fatty acids do not have double carbon bonds, and are easily saturated with 
hydrogen atoms which give high solubility. If the fatty acid is more soluble in water or glycerin, 
there will be less cloudiness in the finished soap. Compared to other oils, coconut oil is 
inexpensive, non-toxic and has a long shelf life (Failor, 2000 and Nicely, 2009). 
Soft oils known as unsaturated oils include olive, canola, soybean, sunflower, corn, castor 
and peanut oil. Each of these oils has a high concentration of oleic, linoleic, and linolenic fatty 
acids. Because soft oils have this high fatty acid content, they remain liquid at room temperature. 
In this study, castor oil was used as the soft oil and it has high ricinoleic acid content. Unlike 
saturated fatty acids, unsaturated fatty acids have one or more double carbon bonds which makes 
them less saturated with hydrogen atoms and highly soluble in water (Failor, 2000 and Nicely, 
2009). 
In this work, the recipes for three different kinds of solid (bar) soaps and three different 
kinds of liquid soap were created and tested by hot and cold process techniques. In both solid and 
liquid soaps, Product A refers to a high quality product containing 100% virgin oil that can be used 
for hand and body washing. Product B contains 70% virgin oil and 30% waste cooking oil (WCO). 
Product C contains 100% WCO.  Both Product B and C can be used for general household cleaning 
such as living areas, kitchens, grease bathrooms, stoves, bench tops, flooring, etc. Before the 
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process began, crude waste cooking oil (WCO) from RIT dining services was placed into a 
separating funnel and allowed to stand in order for water and other impurities to be separated. At 
this point, the WCO was suitable for saponification. 
Hot and cold processing  
Hot processing produces soap in the range of 82 and 93°C for three to four hours 
maintaining this temperature throughout the entire saponification process. In cold processing, oils 
and lye solution are mixed at relatively low temperatures (26-38°C). An additional heating process 
is uncessary. However, curing takes from two to four weeks to complete. This end the entire 
saponification process (Failor 2000 and Nicely, 2009).   
Solid (bar) soap  
To produce solid soap, a mixture of coconut oil, palm oil, castor oil and stearic acid were 
heated at 80°C until fully blended and then poured into a slow cooker.  The amount of water 
required was based on 35-40% of total oil weight. Around 25–30% of lye solution (NaOH) as a 
percent of oil weight was poured into the mixture of glycerin and distilled water. It was then stirred 
under a fume hood until dissolved. The temperature of the NaOH solution should be the same 
temperature as the oils before it was poured into the slow cooker. The mixture was heated at 85°C 
and maintained at this temperature while stirring every 15 minutes with a stick blender over the 
course of one hour. At this stage, glycerin was added slowly and mixed with the soap paste in the 
slow cooker and heated at 80°C. The mixture was stirred every 15 minutes for about 30 – 45 
minutes until it was melted, and the color was clear. As an option, a couple grams of concentrated 
essential oil could be put into the soap and allowed to mix for another 20 minutes. Then, the soap 
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was transferred into a mold and left to cool at room temperature for 24 hours. After cooling, the 
solid bar soap finally removed from the mold (Failor, 2000 and Nicely, 2009). 
Liquid Soap 
Liquid soap was produced using the same ingredients as solid soap, except KOH was used 
as its base solution. For liquid soap, instead of adding (distilled) water, glycerin can be substituted 
for distilled water and dissolved with KOH.  In this study, 80% glycerin and 20% water were used 
as a solvent. In solid soap, partially cooked soap paste was put in the mold to dry. However, for 
liquid soap, at this stage, water was added to the soap paste at the ratio of (1.5 or 2:1 of water to 
soap). The mixture was then heated at 80°C until the soap paste was fully dissolved (Failor, 2000 
and Nicely, 2009). 
 
Figure 4.8. General flowchart of the saponification process 
 
4.4.4 Materials and Methods for Soap Making Process 
A small, batch-scale soap production line was configured in the waste-to-energy lab. 
Purified glycerol from the previous process was used in the saponification process to evaluate its 
process viability.  In this work, the recipes for three different types of solid (bar) soaps and three 
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different kinds of liquid soap were created and tested by hot and cold process techniques. In both 
solid and liquid soaps, product A, regarded as a high-quality product contains 80 % virgin oil and 
20% glycerol used for hand and body washing. Product B, referred to low-quality soap contains 
80% WCO and 20% glycerol Product C contains 100% WCO, and both products B and C could 
be used for general household cleaning. Figure 4.8 shows the different types of soap from this 
experiment.  
The liquid soap quality was repeatable and produced high yield because the soap paste can 
be diluted with water up to two times (by weight). Based on the experiments, liquid soap was 
found to be technically and economically feasible compared to the solid soap. RIT also has shown 
more interest in liquid hand soap to use in bathrooms and general cleaning liquid soap in the 
cafeteria’s kitchen. Similar to the purification process, the major consideration of small-scale soap 
production is high production cost. The limitation of equipment capacity, high labor cost, and high 
labor intensity push the cost higher. It is economically unrealistic to produce soap in a small scale 
to fulfill RIT’s soap demand. 
Large scale biodiesel and soap production system 
Initial technical and economic evaluation results showed that RIT needs high volume 
equipment for biodiesel, purification, and soap production in order to meet its annual demands. In 
a large scale, raw material costs would be reduced further in economic scale if the oils and 
chemicals were purchased in bulk. The labor cost also has the potential to decrease more when the 
production capacity has increased. Prior to implementing scale-up efforts, preliminary analysis of 
process capability and overall equipment effectiveness on several equipment types was conducted 
to meet requirements for RIT biodiesel and soap demand. 
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  RIT produces approximately 5,000 gallons of WCO annually and an assumed WCO 
volume per week is 100 gallons (50 weeks per year).  BioPro190 produce 48 gallons/ batch of 
biodiesel and 12 gallons of crude glycerol in 2 days. 20 gallons/day of purified glycerol converted 
from 25 gallons of crude glycerol in the demethylation purification process.  In the soap making 
process, 20 gallons of purified glycerol, 50 gallons of vegetable oils and 130 gallons of water are 
mixed to produce 100 gallons of liquid soap per day. The calculation of weekly production plan is 
presented in Equation 4.1-4.5. The production cost of WCO soap, low-quality soap, and high- 
quality soap based on the large-scale equipment, and high-volume capacity are $0.80/gals, 
$0.90/gals, and $8/gals, details cost evaluation are presented in Appendix C, Table C.2 (a-c). 
WCO: 
 𝟏𝟎𝟎 𝒈𝒂𝒍𝒔 𝑾𝑪𝑶
𝒘𝒆𝒆𝒌
          (4.1) 
 
Biodiesel: 





  =  
 𝟗𝟔 𝒈𝒂𝒍𝒔  
𝒘𝒆𝒆𝒌
       (4.2) 
 
Crude glycerol: 





  =  
 𝟐𝟒 𝒈𝒂𝒍𝒔 
𝒘𝒆𝒆𝒌
      (4.3) 
 
Purified glycerol: 








      (4.4) 
 
Soap: 








        (4.5) 
 
4.5 Economic Analysis 
With increasing demand for energy from various industries, the price of crude oil is 
unpredictable and creates a volatile market. Biodiesel is a proven alternative renewable energy 
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resource to conventional diesel. According to the October 2014, U.S.  Department of Energy 
“Clean Cities Alternative Fuel Price Report”, the average B20 (i.e., 20% biodiesel, 80% 
petroleum diesel) price at market nationwide is $3.81 per gallon, B100 at the market was $4.21 
per gallon and diesel was $3.77 per gallon.  Over the past five years, pure biodiesel (B100) is 
approximately 1.2 to 1.5 times higher than the petroleum-based diesel depending on feedstock 
cost, plant size and the value of glycerol. According to the Annual Energy outlook 2014 
(AEO2014), crude oil prices are influenced by short-term impacts and the world supply and 
demand for petroleum and other liquids and by production decisions made by the Organization 
of Petroleum Exporting Countries (OPEC). The projection period for the referenced case is based 
on average economic growth of 1.9% per year for major U.S. trading partners and 4.0% per year 
for other U.S. trading partners. The projected value (2012 dollars per barrel) from AEO2014 was 
adjusted to 2014 dollars per gallon with an average inflation rate of 1.5% and a conversion rate 
of 42 gallons per barrel. To simplify the analysis, the projected diesel price in this calculation is 
the price of Brent spot crude oil in the AEO 2014 report. Then the projected biodiesel (B100) 
price was obtained by multiplying the projected diesel price by 1.2. 
4.5.1 Proposed Utilization Pathways  
The assumptions summarized below were made to calculate the expected discounted net 
present value and discounted payback period for the various production options mentioned 
above. In this calculation, biodiesel production cost ($3.35 per gallon) is fixed because the WCO 
feedstocks are regarded as a free waste material. The prices of raw materials for biodiesel 




Summary of assumptions: 
• RIT biodiesel production cost: $3.35 per gallon ($0.89 per liter)  
The price of B100 is based on $3.35 per gallon calculated by prior RIT researchers in their 
biodiesel production research (Frank, 2013). 
• Methanol price: $1.45 per gallon ($0.38 per liter) (Market price of methanol is approximately 
$300 - $600 per metric ton for large scale28 and $4 - 6 per gallon ($1.06 - $1.58 per liter) at 
small scale depending on the quality (Frank, 2013). 
• Crude glycerol price: $0.5 per gallon ($0.13/L) (The market price of crude glycerol is $0.09-
$0.20 per kg) (Nanda et al., 2014). 
• Estimated profit made from selling WCO soap, low quality soap, and high-quality soap are $3, 
$5, and $8 per gallon respectively ($0.79, $1.32, $2.11 per liter). The sale price for high quality 
soap is set at $13 per gallon ($3.43 per liter), compared with the price of BioSoap ($15 per 
gallon; $3.96 per liter) (Loyola University, 2015). 
• Discount rate: 10%  
Moody’s Investor Services gives an A1 credit rating (upper medium grade) to RIT. The 
average interest rate for A1 credit holders is approximately 6.00 - 7.30% for a 60-month maturity 
date (Moodys report, 2012). However, in this calculation, 10% higher discount rate was used for 
consistency with other RIT’s projects. 
• Expected maturity date: 10 years & 20 years 
The longer maturity duration has chosen to benefit from a rate decrease and better protection. 
It would be worthwhile to wait longer periods due to the high fluctuation rate of crude oil 
prices. 




• Biodiesel Production Incentive was not included.  Currently, biodiesel manufactures receive 
$0.20 per gallon (0.05 per liter) of biodiesel produced from soybean oil and $0.05 per gallon 
($0.013/L) for biodiesel produced from other feedstocks (AFDC, 2015). 
An economic analysis was performed to determine the most economically viable pathway for 
the proposed biodiesel soap production program, based on three main options. The last option has 
several sub-options: 
• Option 1: All the waste cooking oil is sold to Baker Commodities at $0.5 per gallon ($0.13 
per liter). Baker Commodities Inc. produces biodiesel and yellow grease additive used in 
animal feeds, soap manufacturing, cosmetics, paint, rubber and detergents (Frank et al., 
2013).  
• Option 2: Installed biodiesel equipment cost is as follows: Equipment cost for Biodiesel: 
($10,000 per project). BioPro 190, Springboard Biodiesel LLC (Chico, CA) 
• Option 3. Installed soap equipment cost is as follows: (a) Equipment cost for low quality soap:  
($39,000 per project) (G95/MC12) glycerin demethylation system, Springboard Biodiesel 
LLC (Chico, CA), (b) Equipment cost for high quality soap: ($64,000 per project: Glycerin 
Demethylation System and mixing tank and liquid soap making machine (c) Equipment cost 
for waste cooking oil soap ($15,000 per project: & mixing tank and liquid soap making 
machine (Alibab.com, 2015)29. From this information, it is apparent that the initial capital cost 
will be significant. However, the following analysis will show that substantial economic and 
environmental benefits will result in a long-term positive solution for most of the viable 
options. 
 








Input  WCO 1,000 5,000 
Methanol 200 1,000 
Main product Biodiesel  960 4,800 




Output Crude soap paste 200 1,000 
Output 
Product 
Low quality soap 1,200 5,998 
High quality soap 2,000 10,000 
WCO soap 3,000 15,000 
Recycled Recovered methanol 50 250 
 
The net present value and payback period of five various options were calculated with five 
different production volumes annually. If RIT decided to convert 1,000 gallons of WCO for 
biodiesel, 960 gallons of biodiesel and 240 gallons of byproduct crude glycerol are produced, and 
50 gallons of methanol are recovered from the demethylation process. 240 gallons of crude 
glycerol could be produced with either 1,200 gallons of low-quality soap or 2,000 gallons of high-
quality soap. Alternatively, RIT could convert 1,000 gallons of WCO to generate liquid soap; 
3,000 gallons of WCO soap were directly converted from WCO. Different input and output 
production scenarios for WCO-to-biodiesel-to-soap production are presented in Table 4.1 and 





Figure 4.9. Different input and output production of WCO-to-Biodiesel-to-Soap production 
 
4.6 Results and Discussions 
Table 4.2 summarizes the comparison between two different maturity dates of the expected 
discounted net benefit (in 2014 dollars). The table gives the values of NPV and payback period 
from two maturity dates: 10 years and 20 years (See Detail calculations in Appendix C, Equation 
C.1). For Option 1, the net present benefit from selling waste cooking depends on the market price.  
Due to the increased growth of biodiesel production and its high-energy conversion rate, biodiesel 
manufacturers are willing to pay a high price to the restaurant owners. Although RIT currently 
receives $0.50 per gallon ($0.13 per liter), it has the potential to receive more in the future. For 
Option 2, the NPV value depends on the world crude oil price and customer willingness to pay for 
biodiesel with a premium price. 
 The profit from selling byproduct crude glycerol has not significantly added to the overall 
profit and it could be a zero profit in the future. The NPV results of Option 2 and 3 (a) are negative 
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for ten-year maturity and the rest are positive regardless of maturity dates. The comparison 
between Options 2 and 3(c) shows that converting WCO to liquid soap provides higher profit than 
producing biodiesel and crude glycerol. This is based purely on economic value. Among all the 
five options, Option 3(b), biodiesel and high-quality soap production, provides the most profitable 
scenario with shorter payback periods. For example, if 1,000 gallons of WCO were converted to 
biodiesel and liquid soap, the process would be profitable within 5 years. The initial capital cost 
of high-quality soap production is high; however, the return is also higher than other options 























period (year)  





Option 1 1,000 3,072 4,257 N.A 
WCO 2,000 6,145 8,514 N.A 
  3,000 9,217 12,770 N.A 
  4,000 12,289 17,027 N.A 
  5,000 15,361 21,284 N.A 
Option 2 1,000 -2,450 2,573 14.23 
Biodiesel +  2,000 5,099 15,145 6.17 
Crude Glycerol 3,000 12,649 27,718 3.77 
  4,000 20,199 40,291 2.62 
  5,000 27,748 52,863 1.97 
Option 3 (a) 1,000 -4,875 14,250 11.87 
Biodiesel +  2,000 39,250 77,500 4.50 
Low quality liquid soap 3,000 83,376 140,749 3.00 
  4,000 127,501 204,000 1.98 
  5,000 171,626 267,248 1.56 
Option 3 (b) 1,000 41,571 84,385 4.94 
Biodiesel +  2,000 147,142 232,771 2.18 
High quality liquid soap 3,000 252,713 381,156 1.40 
  4,000 358,283 529,541 1.03 
  5,000 463,854 677,926 0.80 
Option 3 (c) 1,000 31,084 48,852 2.35 
Waste cooking oil soap 2,000 77,169 112,703 1.11 
  3,000 123,253 176,555 0.73 
  4,000 169,337 240,407 0.55 





4.7 Conclusions  
Purification of by-product crude glycerol was performed to evaluate the process viability of 
the WCO-to-biodiesel process. The characterization of crude and purified glycerol was performed, 
and the results showed that crude glycerol contained 91% purity (min.), and purified glycerol 
achieved technical grade (95% purity). Various kinds of soap were produced in lab scale by using 
WCO from dining services, purified glycerol from this work, and virgin vegetable oils. Among 
them, producing liquid soap with high, consistent quality would result in the greatest economic 
value. Based on the technical and economic evaluation, RIT needs high volume equipment for 
biodiesel, purification, and soap production in order to meet its annual biodiesel and soap demands. 
The preliminary production cost calculation suggested that producing liquid soap with 
consistently high quality would result in the best economic value. The comparison between small-
scale and large-scale liquid soap production costs showed that the labor costs are a major drawback 
in the former scenario because it is, by nature, labor intensive. Optimal utilization pathways of 
WCO and their results were achieved with the economic analysis of the discounted Net Present 
Value and the discounted payback period as an initial assessment. The Net Present Value and 
payback period with five option results indicated that option 3(b), involving production and sale 
of biodiesel fuel and high-quality soap gives the highest profit and shortest payback period. If RIT 
converts 5,000 gallons of WCO to biodiesel and liquid soap, the ten-year NPV is $463,000.  The 
results showed that liquid soap would be more technically and economically feasible than solid 
soap. Community-scale biodiesel production systems in this work can be used as a reference point 





Chapter 5: Anaerobic Digestion of Black Solider Fly Larvae 
(BSFL) Biomass for Biogas Production as Part of an Integrated 
Biorefinery 
5.1  Introduction 
Black soldier fly larvae (BSFL) have been used in backyard and farm composting systems 
for decades, mainly to treat animal manures (Tomberlin, 2001; Olivier, 2008). However, more 
recently, BSFL have been investigated in a variety of additional beneficial such as food, feed, 
chemicals, enzymes and bioactive compounds (Rumpold et al., 2016) and biodiesel production 
(Zheng et al., 2012a; 2012b). BSFL by nature are a decomposer that can decay a wide variety of 
organic wastes; however, to date, they are primarily used for treating only animal waste. They can 
decompose large amounts of wastes quickly with a small carbon footprint. BSFL composting could 
be used to reduce wastes sent to landfills, incinerators, bio-digesters and composting facilities. 
Larvae can then be used as fish/chicken feed or, for the production of secondary biofuel products 
(biodiesel and biogas), and their digested residue is a valuable fertilizer.  
Academic institutions represent a constrained system that generates a consistent amount of 
waste. Bioconversion of organic food waste with BSFL on the campuses of institutions could be 
an attractive solution to reduce emissions by diverting food waste from the landfill. Using BSFL, 
composting could reduce the mass and volume of material sent to landfills, it reduces RIT’s waste 
disposal cost. In addition to that, BSFL can convert a wide variety of low-value organic waste into 
protein- and lipid-rich biomass. BSFL contain significant amounts of protein and lipids, this 
characteristic suggests the potential to be anaerobically digested to produce biogas. However, little 





Hence Chapter 5 investigated BSFL as a potential feedstock for anaerobic digestion for biogas 
production or as part of an integrated biorefinery system (Figure 5.1).  
 
Figure 5.1. An integrated biorefinery concept for food waste Management with BSFL 
 
5.2 Literature Review and Research Gaps 
The black solider fly is indigenous to the southern United States and is now distributed to 
warm temperate regions (Diener et al., 2009). The life cycle of the BSFL is divided into four phases 
with an estimated lifespan of 44 days, depending on the environmental conditions (i.e., 
temperature, moisture, and air supply) (Fig.5.2; Tomberlin et al., 2002). Mature flies have no 
functioning mouthparts and are not associated with transmission of diseases or considered pests to 






Figure 5.2. Life cycle of the black solider fly 
 
The capability to process putrescent wastes gives BSFL distinct advantages over traditional 
composting and vermicomposting, which cannot generally accept meat and post-consumer wastes 
(Olivier, 2008). BSFL have the ability to rapidly consume large amounts of a wide variety of 
organic wastes, including animal manure, fecal sludge, meat and kitchen waste (Nguyen et al., 
2015).   Because they consume meat, grease, dairy, and manure in addition to vegetables, 
composting with Black Soldier Fly Larvae (BSFL) has a distinct advantage over traditional 
composting which generally cannot accept these inputs (Barry, 2004). Recently, researchers have 
explored how BSFL can be used in other applications, particularly urban or institutional food waste 
management (Diener et al, 2009). BSFL by nature are a decomposer that can decay a wide variety 
of organic wastes.  However, to date, they are primarily used for treating only animal waste. BSFL 





and food waste (Nguyen et al., 2007). Sheppard et al (2009) reported that larvae could reduce 
manure dry matter by up to 56% and total nitrogen concentration by 62% (Sheppard et al., 2002).  
Barry (2004) systematically evaluated the biological, economic and social feasibility of BSFL 
composting and found it feasible for cafeteria waste at the University of Texas.   
In addition to being robust decomposers, BSFL contain significant amounts of protein and 
lipids and have been investigated as a dietary supplement to feed chickens, swine and fish 
(Alvarez, 2012; Newton et al., 2005).   Due to several unique characteristics, BSLF have been 
investigated in a variety of beneficial applications including composting, animal feed and biodiesel 
production. The high lipid content of BSFL has also been investigated for its potential to create 
renewable biodiesel fuel (Zheng et al., 2012a; 2012b).  Production of biodiesel from pre-pupae is 
an attractive option, especially compared to making biodiesel from crop oil, which can compete 
with food crops for resources like land and fertilizer (Li et al., 2011).  Zheng et al. (2012a) 
demonstrated that biodiesel extracted from BSFL fed with manure and restaurant waste grease 
achieved fuel properties comparable to rapeseed oil-based biodiesel. Manzano-Agugliaro et al., 
(2012) concluded that this type of diet is one of the most important factors governing the use of 
oil from insects to generate biodiesel. The cuticle (or larval skin) is composed of chitin, a long 
chain polymer of N-acetyl glucosamine, which has been estimated to comprise approximately 10% 
of the total BSFL dry biomass (Finke, 2007; Tomberlin et al., 2002). Chitin has proved versatile 
for several medical, industrial and biotechnical purposes (Puvvada et al., 2012).  
Unlike energy crops, BSFL would not compete with food production in agricultural land 
usage, nor pose the associated environmental concerns such as soil erosion and pesticide leakage 
to surface and ground water (EEA, 2012). Furthermore, BSFL have a high per-acre productivity, 





production without the drawback that harvesting, and valorization of algae biomass require 
significant water use and high capital and operation costs, making it economically challenging 
(Mussgnug et al., 2010). Moreover, production of energy crops and algae depends on the 
photosynthetic fixation of CO2 and the limiting factor in such biological energy processes is the 
conversion efficiency in the range of 1 to 3% of incident solar energy (Miyamoto, 1997).  
Like energy crops, BSFL have not been previously digested and thus may offer higher bio-
methane potential than manures or biowastes. Additionally, the characteristics of BSFL biomass 
indicate that it could be a promising candidate for deployment in an integrated biorefinery. A 
biorefinery concept developed around anaerobic digestion could be suitable to treat various 
organic wastes and convert them to multiple products, thus enhancing the economic viability of 
the integrated system. In a system using BSFL as a feedstock, the BSFL could reduce the weight 
of other organic wastes and convert them into more concentrated forms as an initial conversion 
step, or as a pretreatment process prior to anaerobic digestion to enhance the digestion process. 
BSFL biomass can also be used directly as animal feed or as feedstock to produce biofuel products 
(biodiesel and biogas), with their residue serving as a valuable feedstock for anaerobic digestion 
process. BSFL also have the ability to degrade the cellulose, hemicellulose and lignin contents in 
food waste. (Li et al., 2011) indicated that BSFL could be used in pretreatment to reduce the 
volume of food waste prior to anaerobic digestion. Successful implementation of BSFL 
composting in urban settings will lead to less organic material in landfills, fewer greenhouse gas 







5.3 Research Objectives  
The objective of the research described herein was to investigate the potential of BSFL as a 
feedstock for anaerobic digestion, including integration of anaerobic digestion into several 
different BSFL biorefinery options. To the best of our knowledge, there is limited prior research 
that has considered black solider fly larvae as value-added feedstock for anaerobic digestion to 
generate biogas. Specifically, the following pathways were investigated: (1) direct anaerobic 
digestion of food waste; (2) anaerobic digestion of BSFL fed on food waste along with residual 
food waste; and (3) BSFL fed on food waste used to produce biodiesel and digestion of the residual 
lipid-extracted BSFL combined with residual food waste. Data are also reported on the bio-
methane of BSF cuticle and adult black soldier flies, and characterization data is provided on all 
these substrates. Specific research questions addressed were:  
• What is the bio-methane potential of BSFL as a feedstock for anaerobic digestion?  
• Can BSFL be used as a pre-treatment to increase bio-methane potential of food waste?  
• Does diet have a significant impact on bio-methane potential of BSFL? 
• How do BSFL compare to other common anaerobic digestion feedstocks?  
• What is the potential for anaerobic digestion in an integrated BSFL biorefinery? 
5.4 Research Methods 
5.4.1 Black Soldier Fly Larvae (BSFL) Cultivation  
The BSFL used in the study were purchased approximately eight days after being laid as 
eggs (Biogrubs, California). Two batches of approximately 1,600 BSFL (15 mg/larvae) were 
inoculated into different feed samples to determine how the nutritional composition of BSFL 





at room temperature (20-23°C) for 30 days. When the larvae reached pre-pupae stage, they were 
harvested.  
The first batch of BSFL fed on 960 g of commercial chicken feed (CF) (Manna Pro, non-
medicated starter) combined with vegetable oil (Wegmans brand) totaling 500 g and water totaling 
900 g to soften the texture and encourage consumption throughout the cultivation period. Another 
batch of BSFL was grown on 1000 g of food waste (FM) obtained from the source-separated waste 
collection bins of the Grace Watson Dining Hall at Rochester Institute of Technology (RIT).  FW 
consisted of fruit and vegetable peelings and seeds, and waste left on plates returned to the dish 
room.  Table 5.1 shows the nutritional composition of these two feed materials.  Harvested BSFL 
were washed with distilled water to remove residue. The larvae were inactivated at 105°C for 10 
minutes and stored at 4°C until used in the experiments described below.  
Table 5.1. Composition of chicken feed and food waste destined for BSFL feed 
 Chicken feed (CF) Food waste (FW) 
Crude protein (%dw) 18.0 10.8 
Crude fat (%dw) 2.5 13.0 
Carbohydrates (%dw) NM 72.4 
Note: NM (not measured), dw (dry weight). 
5.4.2 BMP Substrate Preparation 
Ten different samples were prepared in this study as feedstock for bio-methane potential 
assays:  
Whole body WB BSFL (FW): Intact BSFL (i.e., not chopped and ground) grown on food waste.  
Black soldier fly larvae (BSFL-FW) & (BSFL-CF): Batches were prepared of BSFL grown on 
both food waste (FW) and chicken feed (CF). Mature BSFL were chopped and ground with a 
porcelain mortar and pestle to obtain a homogeneous particle size which was then passed through 





Lipid-extracted black solider fly larvae (LE-BSFL-FW) and (LE-BSFL-CF): After deactivation, 
both BSFL grown on food waste and chicken feed were dried approximately 12 hours at 70°C until 
a constant weight was achieved.  Dried larvae were ground with a porcelain mortar and pestle to 
produce a powder which was then passed through a sieve to achieve a particle size distribution 
between 90 and 250 µm. The ground dried larvae were placed into a filter bag and crude fat was 
extracted using the ANKOM XT10 (Macedon, NY) extractor per modified AOAC 920.39 (AOAC, 
2005). The filter bags were placed in the extractor at 90°C for 1 hour. Triglyceride compounds 
were extracted using a reflux condenser with petroleum ether (350 mL) under high temperature 
and pressure. The lipid extracted black soldier fly larvae (LE-BSFL) were dried at 105°C for 30 
minutes to remove petroleum ether.  
Flies (F): Files that had died naturally were carefully removed from the breeding cage and stored 
at 4°C until use.  
Cuticle (C): Larval cuticle was obtained by manually squeezing out the biomass of the inactivated 
larvae. The cuticle was dried at 60°C for 12 hours, and ground with a porcelain mortar and pestle 
to reduce particle size. 
Food waste (FW): Approximately 3 kg of food waste (FM) was collected, mixed and prepared by 
grinding in a VitaMix® blender (1825 Professional Series 750) to reduce particle size to less than 
2mm. This process produced a homogenous slurry and FW was stored at 4°C until use.  
 
Residue (R):   Residue was collected from the experimental containers after the BSFL were fed 





in a VitaMix® blender (1825 Professional Series 750) to reduce particle size to less than 2 mm and 
produce a homogenous slurry.  Samples were stored at 4°C until used. 
Manure (M):  Dairy manure slurry was collected from a local dairy farm in Western New York 
State that uses a scrape manure collection system. 
5.4.3 Substrate Characterization 
The substrates were characterized to determine total dry solids (TS) and volatile solids 
(VS) according to the APHA Standard Methods 2540B and 2540E (APHA, 1998) which involves 
gravimetric moisture determination at 105ºC and ignition of the dried sample at 550ºC. The pH 
was measured using a Mettler Toledo meter at room temperature (22±1ºC) calibrated with buffers 
at a pH 4.0, 7.0, and 10.0. Crude protein was calculated from Kjeldahl nitrogen (TKN) content per 
modified AOAC Method 984.13 (AOAC, 2012a) by a third-party lab (Counterparts Chemistry, 
Rochester, NY).  Crude protein was calculated by multiplying measured TKN by a factor of 6.25 
(assuming 16% N). However, as noted by Diener et al., (2009) and Yang et al., (2014), this can 
result in an overestimation of protein content due to nitrogen contained in the chitinous cuticle. 
Therefore, a corrected crude protein content of BSFL was also reported whereby the nitrogen 
content associated with the chitin of BSFL was subtracted prior to multiplying by the protein 
conversion factor of 6.25.  Crude fat was measured by extraction with solvent per modified AOAC 
991.36 (AOAC, 2012b). Crude carbohydrates were calculated by subtracting the crude fat, crude 
protein, moisture, ash and chitin content from the total dry mass of the sample per modified AOAC 
Method 986.25 (AOAC, 2012c) and as described in Yang et al., (2014) as follows:   
Carbohydrate % = 100 – (moisture + ash + crude fat + crude protein + chitin) x 100%   (5.1) 
Food waste (FW) and residue (R) were also analyzed for hemicellulose, cellulose and 





5 for acid detergent fiber in feeds, Method 9 for acid detergent lignin per modified AOAC 973.18 
(1977) and method 6 for neutral detergent fiber per modified methods of Van Vuuren et al. (1991) 
using an ANKOM 220 Fibre Analyzer (ANKOM Technology Corporation, NY, USA). In this 
study, the chitin content was not measured and the chitinous fraction of larvae was adopted from 
Diener et al (2009).  
5.4.4 Batch Bio-Methane Potential (BMP) Assays 
The biomethane potential (BMP) assays conducted were based upon the original protocol 
described by Owen et al. (1979) with modifications based upon other prior studies (ASTM, 2008; 
Angelidaki et al., 2009; Ebner et al., 2016a).   The inoculum was obtained from the solid-separated 
effluent of a commercial anaerobic digester co-processing dairy manure and industrial food wastes 
in a 70:30 proportion and operated at mesophilic temperature (37°C).  Inoculum was degassed at 
37°C for five days to deplete residual biodegradable organic matter. BMP samples were prepared 
using a 2:1 ratio (gVS inoculum: gVS substrate added). No additional nutrient media were added, 
as the dairy manure-based inoculum was assumed to contain the appropriate anaerobic 
microorganisms (Gustafson, 2000; Labatut et al., 2011). 
Batch BMP assays were prepared in triplicate and conducted using the AMPTS II 
Bioprocess Control system (Lund, Sweden).  BMP vessels have a volume of 600 mL with a 
working volume of 300 mL.  Three blank inoculum samples were prepared and the BMP results 
of the substrates were obtained by subtracting the average methane production of the blanks.  
Results were normalized by the mass of volatile solids of substrate added and reported as standard 
methane yield (mL CH4/g VS added). Microcrystalline, 20µm cellulose (SigmaCell type 20) was 
used as a positive control sample to measure inoculum performance. The pH of each sample was 





6.5 to 7.5. After sealing, each sample was flushed with 99.99% purity nitrogen to establish an 
anaerobic environment at the start of the test. Samples were incubated at 37o (±1°C) for 30 days 
or until the BMP experiments were terminated when daily biogas production during three 
consecutive days fell below 1% of the cumulative volume of the biogas (Holliger et al., 2016). The 
reactor bottles were mixed intermittently using a stirring motor for 10 seconds every 60 seconds. 
Biogas produced was continuously fed through a 3M fixing solution of sodium hydroxide (NaOH) 
to absorb carbon dioxide (CO2).  An automated data collection system measured bio-methane 
production via a volumetric flow device and adjusted to standard temperature and pressure (STP). 
Concentrations of CO2 and CH4 were measured between tests to verify the fixing efficiency of the 
system prior to and after the fixing station, using a gas chromatograph with thermal conductivity 
detector (TCD) with helium carrier gas and HaysepQ packed column. 
5.4.5 Estimation of Theoretical Bio-Methane Potential and Extent of Biodegrability  
Theoretical BMP production (Bu) of all substrates was calculated using Buswell’s equation 
(Eq. 5.2). These Bu values were estimated by the nutrient composition of each substrate where 
proteins (C5H7O2N), carbohydrates as glucose (C6H10O5), fat/lipids (C57H104O6) and chitin (C8 
H13O6N) were assumed to have biomethane potentials of 496, 415, 1014 and 441 mL CH4/g VS, 
respectively. Biomethane potential of chitin was calculated using Buswell’s formula according to 
its chemical composition (Buswell and Neave, 1930); see Appendix D, Equation D.1 for details. 
Results were compared to the theoretical BMP production (Bu) estimated based upon the organic 
fraction composition (OFC) as described by Nielfa et al. (2015) and Raposo et al. (2011) and 
modified to account for chitin as follows: 
Bu = 0.415 (% Carbohydrates/VS) + 0.496 (% Crude Proteins/VS) +  





The extent of biodegradability (fd) was computed as the ratio of observed bio-methane 
potential (Bo) to theoretical bio-methane potential (Bu) on a VS basis (i.e., mL CH4/g VS added) 
as follow: 
 fd = 
𝐵𝑜
𝐵𝑢
            (5.3) 
5.5 Results and Discussion 
5.5.1 Substrate Characterization 
The measured characteristics of the samples are summarized in Table 5.2.  BSFL fed on 
both diets (food waste and chicken feed) contained about 65% moisture, with high crude fat and 
protein contents compared to their diets. BSFL grown on fresh food waste (FM) had a crude protein 
content of 51.3% of TS, while the BSFL grown on chicken feed (BSFL-CF) had 38.2% of TS.  
However, adjusting the crude protein for N found in chitin, which misrepresents actual protein 
availability, resulted in 47.5% protein in BSFL (FW) (Appendix D, Table D.1) and 34.4% protein 
in BSFL (CF) based on a chitinous fraction of BSFL of 8.72% (DW) (Diener et al., 2009). Lipid 
content from BSFL (FW) and BSFL (CF) was 38.5%TS and 41.6%TS, respectively (Appendix, 
Table D.2). These values were similar to those reported in the literature by Diener et al. (2009) 
(Appendix D, Table D.3).  The crude protein content of adult flies (F) exceeded values for BSFL, 
however these values were not adjusted for cuticle protein content as the percent cuticle in mature 
flies could not be found in the literature. Thus, we can assume that the reported value is slightly 
overstated.  
The composition of food waste (FW) and residue (R) remained relatively constant for most 
nutrients, with a few notable exceptions (Table 5.3). The nitrogen content (TKN) of residue was 





released from the salivary gland and gut of the larvae while feeding on food waste (Kim et al., 
2011a), as this increases N-mineralization and elevates the concentration of ammonia (NH4
+) in 
the food waste residue (Green and Popa, 2012).  This action of digestion enzymes may also be due 
to chitin discarded by the pupae after each instar (i.e., growth stage of the larvae) that may be 
contained within the residue. Higher lipid content and slightly higher cellulose and lignin 
concentrations were also observed in the DR which was expected because BSFL prefer non-fibrous 
foods. However, Li et al. (2011) reported that BSFL degraded and consumed lignocellulose in 
dairy manure and thus enhanced accessibility of enzymes. A decrease of 13% in total solids content 




































41.1 94.7 39.0 58.9 NM NM NM NM NM NM NM NM 
BSFL (FW) 35.4 95.8 33.9 64.6 1.5 13.6 17.8 2.4 4.3 38.5 51.3 5.9 
BSFL (CF) 34.4 91.9 31.6 65.6 2.7 14.3 13.9 3.5 7.8 41.6 38.2 12.4 
LE-BSFL 
(FW)b 
96.1 99.2 95.3 64.6 1.1 NM 17.8 2.4 4.3 NM 51.4 11.1 
LE-BSFL 
(CF)c 
95.7 87.6 83.8 65.6 2.7 NM 13.9 3.5 7.8 NM 38.2 12.4 
Flies 51.7 95.3 49.3 48.3 2.4 15.7 29.3 4.3 4.7 30.3 56.7 8.3 
Cuticle  43.8 84.7 37.1 56.2 6.7 NM 37.1 NM 15.3 NM 84.7 NM 
Food waste 25.5 96.1 24.5 74.5 1.0 3.3 2.8 18.5 3.9 12.9 10.8 72.4 
Residue 22.6 93.3 21.1 77.4 1.5 4.7 4.4 12.0 6.7 20.8 19.4 53.1 
Manure 7.4 85.9 6.3 92.6 1.1 NM NM NM 14.5 NM NM NM 
Note:  NM (not measured) 
All samples were measured in triplicate. 
a Rounding error may lead to nutrients not summing to 100% total solids.  
WB-BSFL (FW): Whole body Black solider fly grown on food waste, BSFL (FW): BSFL grown on food waste, BSFL (CF): BSFL 
grown on chicken feed, LE-BSFL (FW): Lipids extracted BSFL grown on food waste, LE-BSFL (CF): Lipids extracted BSFL fed 
with chicken feed. 
b,c 38.5 % and 41.6% of crude lipid was extracted from BSFL(FW) and BSFL(CF). The samples were dried at 105°C prior to the lipid 
extraction and the moisture content of two samples before proceeding the extraction was 3.9% and 4.3% respectively. The percent of 
volatile solids per gram of fresh lipid extracted BSFL (%VS/FM) without the drying process is 35 (%). 





Table 5.3. Characteristic of food waste and residue 
*Note: dw. (dry weight), TS (total solids) 





(R – FW) 
pH 7.9 8.1 + 0.2 
Dry matter (%wt.) 25.5 22.6 - 2.9 
Moisture content (%) 74.5 77.4 + 2.9 
Nitrogen, TKN (g/kg TS) 17.2 31 +13.8 
Lipid (%dw) 13.0 20.8 +7.8 
Hemicellulose (%dw) 6.9 7.1 +0.2 
Cellulose (%dw) 3.6 5.5 +1.9 
Lignin (%dw) 1.4 2.3 +0.9 
 
 
5.5.2 Bio-Methane Potential 
 
Measured and theoretical biomethane potential (BMP) results are presented in Table 5.4. 
The biomethane potential of cellulose controls showed good agreement with expected results 
measuring 322 (σ = 11) mL CH4/g VS (n = 3). The measured bio-methane potential of 238 (σ = 
19) mL CH4/g VS (n=3) for dairy manure also agreed well with previous studies (Ebner et al., 
2015; Labatut et al., 2011). BSFL showed similar Bo for both feed regimens, with BSFL (FW) 
yielding 675 (σ = 118) mL CH4/g VS (n = 9) and BSFL (CF) resulting in 661(σ = 29) ml CH4/g 
VS (n = 3). Thus, BSFL diet did not appear to result in a statistically significant difference in mean 
biogas production. It is also notable that that the standard deviation of BSFL (FW) was large 
relative to other tested substrates. We believe this may have resulted from larval development and 




specific local environmental conditions. The nutrient value and chemical composition of larvae 
may have therefore varied significantly during various life stages of the black soldier fly. This 
variation was reflected in the resulting biomethane potential measurements. The standard deviation 
of BMP measurements from BSFL fed on chicken feed (BSFL(CF)) was substantially smaller, but 
in this case the feed material was produced by a manufacturing process and therefore much more 
homogeneous. 
Table 5.4. Measured bio-methane potential (B0) compared with theoretical bio-methane yield 
(Bu) calculated using Buswell’s equation. 
Substrate Measured BMP 
(B0, ml CH4/g VS) 
Average (S.D.) 
Theoretical BMP 
(Bu, ml CH4/g VS) 
Extent of bio-
degradation 
(fd = B0/Bu) 
WB-BSFL (FW) 108 (65) 698 0.15 
BSFL (FW) (n=9) 675 (118) 698 0.97 
LE-BSFL (FW) 363 (32) 472 0.77 
BSFL (CF) 661 (29) 720 0.92 
LE-BSFL (CF) 306 (23) 442 0.69 
Food waste 449 (53) 505 0.89 
Residue 502 (9) 566 0.89 
Cuticle 343 (7) 373a 0.92 
Flies 570 (51) 653 0.87 
*Samples were tested in triplicate (n=3) unless otherwise noted. 
a Theoretical BMP of chitin is 441 ml CH4/g VS. Measured ash percent per total solids of cuticle 





BMP experiments with Residue (R) produced 502 (283 σ = 9) mL CH4/g VS (n = 3) while 
fresh food waste yielded 449 (σ = 53) mL CH4/g VS (n = 3). The difference is not statistically 
significant and could be attributed to heterogeneity of the food waste. Before ingestion and during 
digestion, BSFL produce and discharge digestive enzymes, which promote the conversion of food 
waste biomass into a more soluble and liquefied form. BSFL also have the ability to degrade the 
cellulose, hemicellulose and lignin contents in food waste and modify the structure of fiber content. 
BSFL activity in the food waste leads to deposition of nutrients in the residue (uneaten food + 
excretory products) that are more readily available for bacteria during the anaerobic digestion 
process without the requirement of chemical, mechanical or thermal pretreatments (Alvarez et al., 
2012; Wang et al., 2017). Therefore, the potential of BSFL as a pre-treatment for anaerobic 
digestion (AD) should be further investigated. 
Lipid-extracted BSFL fed on food waste (LE-BSLF-FW) produced more methane (363 (σ 
= 32) mL CH4) than the equivalent chicken feed-fed biomass (LE-BSLF-CF) (306 (σ = 23) mL 
CH4). This may be because FW is more readily digestible than the grains in chicken feed. Whole 
body black soldier fly larvae (WB-BSFL) showed the lowest Bo of 108 (σ = 65) mL CH4/g VS, 
with a slow decay rate and poor biogas production throughout the test period of 30 days. It was 
observed that the structure of cuticle was not easily degraded by microbes, which prevented them 
from accessing nutrients within. Therefore, it is suggested that BSFL should be ground to reduce 
the particle size and increase the surface area available for microbial activity. BSFL release their 
cuticle into the residue when they reach the pre-pupae stage and again when the larvae turn into 
flies. Hence, bio-methane potential of the chitinous cuticle was measured resulting in Bo of 343 (σ 




anything other than water, were also tested and yielded BMP of 570 (σ =51) mL CH4/g VS (n =3). 
Fig. 5.3 summarizes the measured bio-methane potentials of the various substrates studied. 
 
Figure 5.3. Summary of the observed specific bio-methane yield per unit mass (B0) for the 
substrates tested (ml CH4/g VS added). Error bars represent the standard deviation of B0 for each 
substrate. Samples were tested in triplicate (n=3) unless otherwise noted. 
 
5.5.3 Comparison to Theoretical BMP 
The extent of bio-degradation (fd) was calculated via Eq. (3) and compares the observed 
bio-methane potential (B0) to the theoretical bio-methane potential (Bu). (Table 4). Bu provides the 
maximum biomethane potential yield, which is expected to be higher than Bo because some of the 
available nutrients are not accessible for the anaerobic bacterial leading to incomplete digestion. 
BSFL (FW) and BSFL (CF) produced fd values higher than 90% and thus were highly degradable. 
Degradability values are affected by the sample preparation variability and/or uncertainty in 
determining the lipid and protein content of substrates which are key variables in the theoretical 
calculation. Degradation for lipid-extracted BSFL fed on food waste (FW) and chicken feed (CF) 
were 77% and 69%, respectively. Food waste and residue had the same biodegradability value of 




chitin. However, the unknown amount of biomass (protein, lipids or carbohydrates) remaining in 
the cuticle sample could have contributed to an inflated degradation estimate. Adult flies also 
resulted in bio-degradability of > 85%.  
5.5.4 BSFL as Anaerobic Digestion Feedstock 
Because of the current interest in anaerobic digestion (AD) as an organic waste 
management and renewable energy production technology, it is also instructive to compare the 
results presented herein for BSFL biomass to other potential AD feedstocks. The measured mean 
biomethane potential (Bo) of BSFL (CF) was 661 mL CH4/g VS and for BSFL (FW) 675 mL CH4/g 
VS.  These values are higher than many common AD feedstocks, including energy crops, algae 
and manures (Appendix D, Table D.4).  Moreover, it takes 14 -28 days to harvest BSFL biomass 
depending on the feeding and environmental conditions (Diener et al., 2009), which is substantially 
shorter than most dedicated energy crops (e.g., 157 days for maize; Bruni et al., 2010).  Diener et 
al. (2009; 2011) also reported that, under favorable conditions, one square meter could yield 
approximately 145 g of dry prepupal biomass per day (252 g/m2/day; wet weight) when fed with 
4.6 kg of food waste per square meter per day.  To compare potential methane production values, 
it is reasonable to envision a scaled-up version of a BSFL- or algae-based AD system using an 
area for feedstock production that is on the order of 100 meters by 100 meters. Using a hectare as 
the area basis, methane production potential of food waste alone and BSFL alone were calculated 
to be approximately 1,800,000 m3 CH4/hectare and 340,000 m
3 CH4/hectare respectively (see 
Appendix D, Equation D.2 and D.3 for calculations). Alternatively, methane production from a 
BSFL composting system, in which BSFL reduces approximately 19% of the mass of food waste 
and leaves 81% of residue, produced approximately 1,874,168 m3 CH4 per hectare per year (see 




production of BSFL and residue and demonstrates that the mixed substrates may provide higher 
methane production than the individual substrates processed separately.  
 Reported algal productivity ranges between 13 and 40 g/m2/day (Park et al., 2011). The 
growing rate of larvae is much faster (145 g/m2/day; Diener et al., 2009) than that reported for 
algae, thus requiring only 0.27 m2 to produce the same amount of biomass per day.  BSFL show 
comparatively high biomass yield and bio-methane production per hectare due to their fast growth 
rate and high bio-methane potential. The standard methane yield of BSFL (mL CH4/g VS) is 1.5-
2 times higher than the best performing energy crops in use today, generally ranging from 375-
450 mL CH4/g VS and about two times higher than the selected algae in terms of same land foot 
print area needed for feedstock production.  Another system-level factor to consider which has not 
been taken into account in these calculations is the hydraulic retention time.  Energy crops typically 
are anaerobically digested 50 to 150 days (Braun et al., 2008).  The retention time for algae ranges 
between 15 and 28 days (Montingelli et al 2015), whereas food waste and BSFL may have 
retention times on the order of 28 days. Further research is needed to understand the various 
resource and infrastructure assets required to make large-scale BSFL farming economically viable.  
 
5.5.5 Integrated BSFL Biorefinery for Biogas and Biodiesel 
A biorefinery is a renewable analog to a petroleum refinery, in which all system outputs 
are utilized in some manner, with minimal or zero waste. Drawbacks of crop-based biogas and 
biodiesel production are high feedstock cost, and competition with food resources and land use. 
Larvae have high lipid content between about 20% and 40%, which is comparable to other 
biodiesel feedstocks (i.e. soybean, rapeseed oil, sunflower oil and algae).  Thus, crude lipids 




biodiesel production as well. Using the well-known reaction for biodiesel production via 
transesterification wherein fatty acids can be derived from oil extracted BSFL, Li et al. (2011) 
reported that most of the fuel properties of biodiesel produced from BSFL were comparable to 
rapeseed oil-based biodiesel. In our experiments, 25 g of larval oil were extracted from 184 g of 
larvae biomass (FM), or 35.4% DW, which is consistent with other studies (see Appendix D, Table 
D.5).  Li et al. (2015) and Zheng et al. (2012a) reported that biodiesel yield converted from larvae 
oil was approximately 93% by mass.   Therefore, we assume that the observed oil extracted from 
the BSFL biomass could produce standard quality biodiesel at a conservative conversion rate of 
93%.  
Because BSFL biomass contains primary feedstock constituents for both biomethane and 
biodiesel production, various hypothetical bio-refinery scenarios can be constructed and analyzed.  
The mass flows and energy outputs of three biorefinery options based upon the conversion of 1kg 
of food waste (FM) and measurements from this study are illustrated in Fig 5.4.  
 
• Option 1: Direct anaerobic digestion of FW:  1kg of food waste (245 gVS) digested via 
anaerobic digestion process produces 110 L CH4, based on measured BMP of 449 mL CH4/g 
VS. 
• Option 2: Pretreatment of FW by BSFL followed by AD of BSFL and residue (R):  About 
1,600 five days old larvae (15 mg/larva) were inoculated into 1kg of FW. 188g of FW were 
consumed after 30 days (reduction of 19 % FM by mass). 184 g of BSFL (62 gVS) were 
produced and 812 g of residue remained (171 gVS).  184 g of BSFL and 812 g of residue were 
treated in an anaerobic digestion process and produced 43 L CH4 and 86 LCH4 respectively. A 




• Option 3: BSFL fed on FW harvested for biodiesel production and remaining residuals 
(LE-BSFL and DR) anaerobically digested for biomethane: Similar to Option 2, 1kg of 
food waste was converted by BSFL to produce larval biomass and 25 g of larval oil was 
extracted from 184g of larvae. Approximately 23 g of biodiesel could be obtained from larvae 
oil with 93% biodiesel conversion rate (Zheng et al., 2012a). 159 g of fresh LE-BSFL was 
obtained after the lipid extraction that produces 20 LCH4 via anaerobic digestion. A total of 
106 LCH4 would be produced from the combination of lipid-extracted BSFL (LE-BSFL) 
biomass and residue (R).  
 
 
Figure 5.4. Flow diagram of integrated biorefinery options based on converting BSFL biomass to 
biogas and biodiesel 
 
Material inputs, energy outputs, BMPs of each substrate and biofuel yields for these three 
biorefinery systems are summarized in Table 5.5. Option 1 (direct food waste digestion) as the 
reference scenario produced 4.2 MJ from 1 kg fresh food waste and its energy output was obtained 
solely from bio-methane production. Option 2 provided bio-methane from both BSFL and residue, 
yielding an energy output of 4.9 MJ (17% higher than direct food waste digestion). Option 3 




However, the potential advantage of Option 3 is that biodiesel can be used in the transportation 
sector and generally commands a higher market value on a per MJ basis. In any case, the added 
capital and operation and maintenance (O&M) cost of BSFL growth and harvesting would need 
to be rigorously evaluated against the projected benefits of greater biomethane production or 
combined biomethane/biodiesel production. Also, for deployment in a biorefinery application, 
other potential value-added uses of the BSFL biomass should be considered, such as animal feed, 
with the residue still used as anaerobic digestion feedstock as described above. 
 
Table 5.5. Material inputs and energy outputs of integrated biorefinery options. FM: fresh matter 
& FW: food waste 




















1 FW 24.52 1.00 0.45 4.22 4.2 
2 BSFL(FW) 33.94 0.184 0.68 1.59 4.9 
R 21.11 0.812 0.50 3.30 
3 Larval Oil - 0.025 0.023 0.77 4.9 
LE_BSFL 
(FW) 
35.0 0.159 0.36 0.87 
R 21.11 0.812 0.51 3.30 
Lower heating value (methane) = 38.5 MJ/m3; NCSU Cooperative Extension, Conversion 
factors for bioenergy "http://www.ces.ncsu.edu/forestry/biomass.html" 








5.6 Conclusions  
Black solider fly and lipid extracted BSFL biomass from biodiesel production were used as 
a feedstock for biogas production in anaerobic digestion. Bio-methane potential of BSFL is 1.5-2 
times higher than other representative feedstocks, including energy crops and algae. The 
advantages of the BSFL for bio-methane production over energy crops and algae are that BSFL 
cultivation does not require nutrient rich land, requires minimal water, has a small land footprint 
and limited waste stream, and the growth rate is much faster than for other energy crops.   LE- 
BSFL (FW) yielded 363 mL CH4/g VS with 0.12 g biodiesel/g dry BSFL.  Bio-methane potential 
(BMP) assays were performed on BSFL fed on two different diets: chicken feed and food waste. 
BSFL fed on chicken feed and food waste produces 661 mL CH4/g VS and 675 mL CH4/g VS 
respectively.  
It was demonstrated that the larvae diet did not significantly affect the anaerobic digestion output. 
BMP of residue left by larvae was 502 mL CH4/g VS. This is higher than that of untreated food 
waste, and indicates BSFL pretreatment has the potential to increase biogas production would 
provide a potential pretreatment solution for lignocelluloses rich feedstocks replacing the 
conventional pretreatment and to increase biogas production. This study has demonstrated that 
rearing BSFL for treating food waste with production of energy and value-added products in an 
insect-based biorefinery concept could be an innovative solution for managing food waste in 
institutions. Although utilization of BSFL to eliminate organic food waste is promising, there are 
some technical challenges of scaling up the production of BSFL to an industrial scale rearing 
facility. The parameters necessary for scale-up and maintaining a breeding colony of BSFL in cold 




Chapter 6: Assessment of Options for Regional Food Waste Management in 
New York State 
 
6.1 Introduction 
New York State (NYS) generates nearly 410,000 t/year (450,000 tons/year) of organic food 
waste from large generators alone (i.e., those generating more than 90.9 t/year or 100 ton/year)30. 
Approximately 14% of this total waste quantity is currently diverted to animal feed and 
composting, with a smaller fraction being sent to anaerobic digesters. The majority of organic food 
waste is simply dumped in landfills. When laws are eventually enacted in NYS that will prevent 
solid organic waste disposal in landfills, alternative end-of-life pathways for this substantial 
amount of food waste will be urgently needed. Landfills provide flexibility to accept various 
categories of waste (e.g., municipal waste, hazardous waste, and non-hazardous waste) without 
pre-requisite conditions. Generally, landfills also have the capacity to receive large amounts of 
waste. The average landfill tipping fees of municipal solid waste are lower than the average tipping 
fees of anaerobic digestion and composting facilities. Even though the tipping fee of these facilities 
may eventually fall below landfill fees, the collection and transportation costs of more sustainable 
alternatives can be higher if these facilities are not in close proximity to the food waste generators.  
The lack of feasible disposal options in proximity to the source of waste has been recognized as 
one of the challenges to divert food waste from landfills. There are variable pathways to prevent, 
reuse, and dispose of edible food that is uneaten or lost in the food supply chain. However, the 
underlying complexity of food waste management is not adequately addressed and well 
understood. Measuring the economic benefits and environmental impacts associated with different 
                                                          
30 Throughout this chapter, the symbol “t” is used to designate a metric ton, equivalent to 1000 kg. In some cases, 
values using the English unit “ton” (equivalent to 2000 lb. or 0.909 t) are also provided in parentheses.  




treatment technologies in waste management is inherently challenging. It is critical to develop the 
capability to effectively compare various methods to determine which may have advantages in the 
context of economic, environmental and social sustainability. In this regard, Chapter 6 presents a 
comprehensive assessment that determines the most economically viable food waste treatment 
option for a particular spatial distribution of food waste materials in a given geographical region 
of New York State. Although specific in its application focus, it is expected that the approach can 
be extended to other regions with distinctly different food waste resources and waste conversion 
infrastructure. Moreover, although Chapters 3 through 5 considered food waste management from 
the standpoint of a biorefinery that could be deployed at the scale of an individual waste generation 
site, it is important to assess the economic potential of this pathway in the context of other more 
conventional options that involve larger centralized food waste conversion facilities accepting 
waste from multiple sources. 
6.2 Literature Review and Research Gaps  
A decision support framework enables decision makers (including state and local 
government agencies, and economic development organizations, etc.) to determine the most cost-
effective food waste diversion strategy. The identification of suitable food waste diversion 
methods is a multidisciplinary process that includes environmental, social, economic and technical 
constraints. The selection among different processes is complex and challenging because it 
involves multiple stakeholders and is guided by many rules and regulations (Gbaine et al., 2013).  
A large number of publications concerning decision support systems for solid waste management 
using technical, economic, and environmental assessments exists. Methods such as life cycle 
assessment (LCA), multi-criteria decision analysis (MCDA), mixed integer linear programming 




compare various scenarios of food waste management (Leme et al., 2014; de Souza Melaré et al., 
2017; Balaman et al., 2014). Several studies combine an MCDA approach with GIS to determine 
the most appropriate location for treatment plants. This GIS-based MCDA integrated approach 
considers a two-stage analysis wherein GIS was used to obtain the appropriate sites. Then MCDA 
was used to evaluate the technical and economic performance and to select the most suitable sites 
(San Martin et al., 2017; De Feo et al., 2014; Ouma et al., 2011, Gbaine et al., 2013). Angelo et al. 
(2016) used the LCA and MCDA techniques to improve decision making in solid waste 
management. Life cycle assessment (LCA) was used to assess the energy and environmental 
performance of treatment technologies and to provide the best environmental option of waste 
treatment.  
In Chapter 6, the assessment of different food waste management options combined spatial 
and resource availability data of food waste generators, dairy farms and existing treatment facilities 
(AD, composting, landfill sites) that were generated from the Organic Resource Locator (ORL), 
as described in Chapter 2. These data were further integrated into a GIS model (ArcGIS 9.3 
software) to identify the appropriate sites for installing new centralized anaerobic digesters (AD) 
and composting plants. The approach differed from past studies because the assessment involved 
economic analysis of a range of food waste management scenarios and different output utilization 
pathways (biogas + digestate) from different anaerobic digestion systems, including mono- and 
co-digestion of food waste and manure.  
There are presently many efforts to study anaerobic digestion of agriculture waste, animal 
waste, codigestion of food waste, and pure food waste. Jones et al. (2013) developed an 
optimization modeling approach to assess the economic viability of farm-based anaerobic 




biogas production from livestock manure and crops at a regional scale and considered different 
biogas utilization pathways, such as combined heat and power generation (CHP) and bio-methane 
injection into the natural gas grid. Poschl et al. (2010) evaluated the energy efficiency of various 
biogas production options from different biogas systems, but economic implications were not 
included. The report presented by Giraldo et al. (2013) only conducted potential energy generation 
from biogas resources such as CAFOs, WWTPs and MSW landfills.  
Studies to date have only performed economic assessments of large-scale food waste 
management systems in NYS and other locations, but no studies have been conducted on small-
scale systems at food waste generator sites compared with large-scale centralized systems. 
NYSERDA (2017) recently conducted a benefit-cost analysis (BCA) of the potential impacts of 
diverting food waste in NYS. However, the report did not include the benefits of energy generation 
at specific treatment facilities. Usack et al. (2018) evaluated the technical, environmental, and 
economic impacts associated with co-digestion feedstock selection and management strategy in 
NYS.  Akhiar et al. (2016) reported on the comprehensive characterization of the liquid fraction 
of digestate from full-scale anaerobic co-digestion facilities. Tampio et al. (2016) compared the 
potential of four digestate liquid treatment systems for an AD plant digesting municipal waste to 
produce liquid fertilizer. There are many studies of digestate from manure and co-digestion AD 
systems, but very few studies for food waste-only digestion that is the likely scenario for 
institutional deployment. Based on these gaps identified in the existing literature, Chapter 6 also 
includes the potential nutrient value of digestate from food waste-only anaerobic digester in the 
economic analysis, to achieve maximum benefits in non-farm locations by avoiding transportation 
costs. A significant aspect of the analysis described in this chapter was the digestate management 




or a cost, and how feedstock variation will impact what is ultimately done with the digestate.  
Overall, Chapter 6 provides the economic viability and compatibility of different potential food 
waste diversion scenarios, including biogas utilization pathways and digestate management.  New 
York State Department of Environmental Conservation (DEC) Regions 3 and 8 were used as 
representative case studies in distinctly different parts of NYS for conducting this assessment.  
This chapter aimed to address the following compelling research questions:  
• What are the net economic impacts of implementing different food waste-to-value added 
scenarios as alternatives to landfilling?  
• Are decentralized anaerobic digestion (AD) systems viable alternatives to large centralized AD 
systems for managing food waste generated from multiple institutional locations? 
 
6.3 Research Objectives 
  
Development of an effective food waste management infrastructure requires a 
comprehensive interdisciplinary systems management framework that includes a solid 
understanding of the existing practices and incumbent systems being used, in order to propose new 
technologies and strategies.  The primary objective of Chapter 6 was to develop a decision 
framework for the  selection of optimal institutional waste diversion pathways in NYS,  through 
analysis of the spatial distribution of food waste generators and existing waste treatment facilities, 
and assessment of the potential capacity of existing treatment facilities to accommodate additional 
food waste from large institutional generators.  Four scenarios were evaluated: 1) systems 
centralized on farms where there is already a large volume of manure and strong local demand for 




centralized AD at landfills, and 4) decentralized low-volume anaerobic digesters (LVADs) at 
individual generator sites, as presented in Chapter 3. 
The second objective was to determine the economic implications of these different 
deployment scenarios using three indicators: net present value (NPV), internal rate of return (IRR), 
and payback period (PP). Economic assessment for all the scenarios was performed based on the 
collection, management and treatment of one year’s worth of food waste from institutional 
generators and one year’s worth of manure from dairy farms. The decision process discussed in 
this chapter is based on the following considerations: quantity of available food waste and animal 
waste; availability of existing treatment facilities; available capacity of selected facilities; biogas 
utilization pathway and digestate valorization.  
 
6.4 Model Development and Research Methods 
A two-stage mathematical model was developed to assess the economics of different food 
waste diversion from the origin of food waste generation to digestate utilization. The model 
provided the “best” scenario that diverts food waste with maximum profit for the conversion 
facility operator, and minimum cost for the generator. In the first stage, the model provided a 
mathematical framework for selecting the optimal food waste conversion technology and ranking 
them based on capital cost, operational and maintenance (O&M) cost of pretreatment and 
treatment facilities, and revenue. In the second stage, the model examined a four-level network 
including food waste generation locations, pretreatment stations, processing facilities and digestate 
disposal locations to evaluate the transportation costs. The model used the mean (median) center 
tool in ArcGIS to create a centroid in the weighted mean geographic center of food waste 




the transportation cost was measured by the Euclidean distance to be traveled from an individual 
generator to the candidate locations and multiplied by the unit transportation cost.  
  The results of the model were based on  four aspects of the food waste management 
decision process: (1) the number of food waste generation locations, pretreatment stations, and 
processing plants; (2) the location of food waste generation locations, pretreatment stations, and 
processing plants; (3) biogas utilization choice; and (4) digestate utilization choice. The model 
output provided the optimal food waste conversion pathway in each of two targeted regions in 
New York State (Region 3 and 8), and ranked conversion technology options based on capital cost, 
O&M cost, transportation cost, revenue from co-products, and costs associated with the final 
disposition of by-products (e.g., fees for field spreading or wastewater surcharge). Figure 6.1 
shows the overall supply chain design of the proposed food waste diversion scenarios.  
The model provided information that decision makers require to determine the most 
beneficial waste treatment alternatives and to guide food waste generators on the choice of 
treatment pathways (with emphasis on composting vs. anaerobic digestion). Empirical data were 
not available for food waste-only treatment facilities, output utilization (i.e., food waste digestate) 
and incentive potential associated with food waste-based anaerobic digester system in the United 
States. Therefore, assumptions were made based on a dataset collected from the literature, 
information sharing with AD operators during sites visit, AD developers, waste haulers, and 
energy consultants, as well as consideration of existing carbon credit incentives. The model used 
the best existing data that allowed a fundamental analysis of each scenario. However, the 
generalized methodology enables the ability to change variables to incorporate different 
assumptions and could be applied to other regions with a different criteria set.  Since the model 




analysis was performed to assess the impact of changing variables and testing the model 
robustness. The novelty of this comprehensive assessment of food waste management scenarios 
was that it applied realistic, empirically-based and location-specific inputs for waste generation, 
biogas utilization, and digestate management options. It also considered the possibility of utilizing 
existing infrastructure for deployment of waste conversion technologies. 
 
Figure 6.1. Configuration of food waste management scenarios 
 
 
6.4.1  Food Waste Management Scenarios and Technologies Considered 
 
Three main scenarios and four sub-options were analyzed to allow for comparison among 
the different food waste management pathways (Table 6.1). Scenario results were investigated 
based on the environmental and economic benefits of the proposed treatment facilities. As 
described in Chapter 2, Regions 3 (Lower Hudson Valley) and 8 (Western Finger Lakes) were 




facilities available for converting these wastes. Region 3 has the largest total volume of food waste 
generation (outside of New York City), this area has no existing landfills and few dairy farms that 
could serve as potential sites for centralized anaerobic digesters. Region 8 has a very different food 
waste ecosystem: about 35% lower total food waste volume than Region 3, but many large dairy 
farms and a number of operating anaerobic digesters and landfills. Regional-scale analysis was a 
reasonable approach because these regions align with existing jurisdictions defined by the New 
York State Department of Environmental Conservation (DEC). Moreover, the physical distances 
and food waste generation volumes within each region were appropriate from the standpoint of 
waste collection and treatment within centralized facilities.  
 
Table 6.1. Scenarios used in the decision analysis model 
Scenario # Description 
1 Food waste from large generators are accommodated using existing AD or 
composting facilities 
2 New AD or composting facilities are developed but sited to leverage 
infrastructure at existing public or private facilities  
2a Centralized digesters at existing confined animal feedlot operations 
(CAFOs) 
2b Centralized digesters at existing waste water treatment plants (WWTPs) 
2c Centralized digesters at existing landfills 
2d Decentralized digesters at institutional generators 
3 New AD or composting facilities are developed “from the ground up.” 
 
Scenario 1 – Additional waste from large generators can be accommodated using existing AD or 
composting facilities. This assessment considered facilities that currently accept food waste or 




wastewater treatment plants in New York State Department of Environmental Conservation (DEC) 
Region 8 (Figure 6.2). In this analysis, food waste from large generators was accommodated 
entirely using existing AD or composting facilities. As stated earlier, “large” generators were 
defined as those producing greater than 90.9 t per year of food waste, as shown in Figure 6.3 for 
institutional generators in Region 8. It should be noted that information on the available capacity 
to accept more food waste is very limited for composting facilities at the Regional level. Labuzetta 
et al. (2016) estimated that 5% of additional incoming food waste could be processed using existing 
composting facilities across all of New York State. There are few existing composting facilities 
that currently accept food waste from other establishments, and most likely new composting 
facilities would need to be developed if this food waste utilization option is chosen.  
 
 







Figure 6.3. Map of large institutional generators in Region 8, with specified location of 
centralized processing facility that minimizes total transport distance (with and without 
weighting based on food waste generation volume) 
 
Scenario 2 – New AD or composting facilities are developed, but sited to leverage infrastructure 
at existing public or private facilities. In the context of centralized large-scale AD and 
decentralized low-volume AD deployments, there are four potential deployment options as 
illustrated in Figure 6.4. As an example of existing locations that are potentially suitable for 
deploying new anaerobic digester facilities, in Monroe County (north central part of Region 8) 
there are two operating landfills (Mill Seat on the western border and High Acres on the eastern 
border), two major WWTPs near Lake Ontario, and a small number of dairy farms in the rural 
western part of the county. 
 
Scenario 2a – New Centralized digesters at existing CAFOs. Existing space and infrastructure in 




routes are not well established for food waste diversion to AD, and would only efficiently cover 
the western side of the region. Due to the high moisture and low energy contents of liquid manure, 
transporting it to the locations of institutional generators is not economically viable, and would be 
expected to encounter public resistance due to possible odor problems. There is limited on-site 
energy demand (electricity/gas/heat) and excess energy would likely be sold to a third party such 
as the local electric utility. However, there is significant demand for the solid fraction of digestate 
as animal bedding and for the liquid fraction as fertilizer in neighboring farm fields.  Of the options 
summarized in Table 6.1, Scenario 2a is generally the best understood due to our existing 
relationships with two local farm-based anaerobic co-digestion plants. 
 
Scenario 2b – New Centralized digesters at existing WWTPs. In many cases, WWTPS have space 
and infrastructure in place to handle large volumes of food waste. Retrofitting would be required 
at the selected WWTPs to increase biogas production, and to accept additional food waste. 
Retrofitting existing facilities (Scenario 1) is expected to be much more cost-effective than 
building new facilities at WWTPs that do not have some biogas production capability. Therefore, 
in this analysis that follows Scenario 2b was not considered as a sperate scenario. A shortcoming 
of this scenario is the limited demand for the digestate when not in close proximity to agricultural 
operations. The liquid fraction of the digestate can potentially be treated within the WWTP facility 
itself. Generally liquid digestate contains high nitrogen and phosphorus levels, therefore additional 
process is required to remove the nutrients in order to achieve the acceptable biological oxygen 





Scenario 2c – Centralized digesters at existing landfills. Landfills already have well-established 
infrastructure due to the availability and capacity of existing facilities. They could receive a vast 
range of organic material available for conversion in AD systems, such as food waste, cow manure, 
and WWTP biosolids. Therefore, an AD facility at a landfill is a potential destination for mixed 
waste. Even though there is limited on-site electricity/gas/heat demand, there is a potential for 
significant transporation fuel demand for waste hauling vehicels. 
Scenario 2d – Decentralized digesters at institutional generators. Distributed low-volume AD 
systems can be deployed at individual waste generation sites. They could also receive waste from 
other generators in close proximity to improve the economics by receiving tipping fees.  It is likely 
that many institutions have on-site demand for both electricity and heat.  The challenge is that 
smaller systems typically have a higher capital cost on a per kW basis, and there also needs to be 
a priori consideration of what to do with the digestate effluent. Unlike CAFO installations, there 
is no readily available outlet for the digestate at many institutional food waste generators located 
in urban or suburban areas. Some WWTPs send their solid fraction (biosolids) to landfills or 






Figure 6.4. Scenario #2 options for deployment of AD facilities at existing CAFOs, WWTPs, 




Scenario 3 –   New facilities. The last potential scenario corresponds to the case where there is not 
sufficient capacity at existing conversion facilities, nor are there suitable public or private sites 
that can be used to locate a new AD or composting facility. In this case, a new facility must be 
developed “from the ground up,” and a facility location must first be established.  The present 
model used the weighted mean center tool from the Geographical Information System (GIS) 
software, ArcGIS to identify the most suitable locations based on the larger generation volumes, 
which could serve as pre-treatment stations or new treatment facilities (Table 6.2). It also 
minimized travel distance from the center to the food waste generators considering the Euclidean 
(straight line) distance. Thus, the transportation cost is the sum of the distances between individual 
generators in a cluster and the cluster center, multiplied by the unit transportation cost. An example 
of this approach is illustrated in Figure 6.5 for DEC Regions 3 and 8.  
 
Table 6.2. Locations of the proposed new facilities in Region 3 and Region 8 
Region Latitude Longitude Address County 
3 41.271287 -73.901948 Watch Hill Road, 
Cortlandt, NY 10567 
Westchester 
8 42.881611 -77.46366 7795 Olmstead Rd, 









Figure 6.5. Optimal location of new food waste conversion facilities based on minimizing 
volume-weighted transportation distances, indicated by green circles in Region 3 and 8. 
Analysis includes only landfilled food waste, not those already diverted to beneficial use. 
 
6.4.2 Energy Production from Anaerobic Digestion Systems  
Biogas production  
The quantity of biogas produced from food waste and manure in New York State was 
calculated from the total amount of food waste produced from large generators across New York 
State multiplied by the biogas potential of co-digested food waste and manure slurry measured in 
in-house experiments; see Appendix E, Equation E.2 for detailed calculations.  Food waste was 
obtained from Rochester Institute of Technology’s main cafeteria (Gracie’s) which represented 
mixed commercial and institutional food waste for this study. Manure slurry was obtained from a 
large-scale anaerobic digester located on a dairy farm in Western New York, near the RIT campus. 
The measured bio-methane yield (BMY) of manure and cafeteria food waste used for this study 
were 238 and 460 m3 CH4/tVS, respectively.  Dairy manure slurry and food waste were blended 
in 50:50 ratio (%w/w). The observed bio-methane production from manure-food waste codigestion 




potential of co-digested substrates performed better than single substrate digestion of manure. 
Ebner et al. (2016a) reported that mono-digestion of manure observes low biogas yield due to low 
organic load and high nitrogen concentrations of manure. AcoD of manure and food waste can 
increase organic loading and minimize inhibition and process instability.  
Table 6.3. Exemplary total solids (dry matter), volatile solids, biogas and bio-methane yield of 














































































































































































































































27.2±2 94.9±0.5 25.8±1.5 
 




- - 17.2 424.1±4 75 125 706.82 
*Assuming 60% of bio-methane content in biogas 
 Specific bio-methane production was calculated on a volatile solids (VS) basis. Specific biomethane 
yield per metric ton of fresh matter was calculated based on the measured specific biomethane yield per 
metric ton of volatile solids.  
TS = total solids, VS = volatile solids, DM = dry matter, FM = fresh matter, BG = biogas 
[1] Ebner (2016); [2] Data from current study. 
 
Based on the in-house measurements presented in Table 6.3, the potential energy 
generation from manure, food waste, and codigestion of manure and food waste in New York State 
was computed, and the results showed that 81 million m3 of biogas per year could be generated by 




digestion of animal manure and food waste could produce 380 million and 91 million m3 of biogas 
per year, respectively, as shown in Table 6.4. When 84,000 and 54,000 t of food waste from large 
generators in Region 3 and Region 8, respectively, are incorporated into anaerobic digestion 
systems, it is estimated that 16.8 and 10.7 million m3/year of biogas are produced.  This translates 
to 10 and 6.4 million m3/year of biomethane, respectively, as shown in Table 6.5 and Table 6.6. 
This renewable biogas can be combusted in a combined heat and power (CHP) system to produce 
renewable energy and to displace fossil fuel-based electricity emissions. Biogas can also be further 
refined to biomethane or renewable natural gas (RNG) that is essentially a direct replacement for 
conventional natural gas.  (Renewable Natural Gas (RNG): Biomethane that meets pipeline 
standards, but no uniform national standard has stated.)31 
Table 6.4. Annual potential energy generation via food and manure AD in New York State 









m3 380,996,225 81,883,355 91,231,222 
Total energy 
Production (Biogas) 
GJ 7,124,629 1,531,219 1,706,024 
Electricity MWh 990,590 212,897 237,201 
Bio-
methane 
Thermal Energy GJ 7,056,812 1,516,643 1,689,785 
RNG fuel 
GGE 57,356,555 12,327,017 13,734,279 
DDE 50,473,768 10,847,775 12,086,166 
*Regions 1 and 3 do not produce twice as much food waste as is required to proceed with the co-
digestion process. 
                                                          






Table 6.5. Annual potential energy generation from food and manure AD system in Region 3 
  Unit Manure Food waste Manure: 
Food waste 
 Total feedstock 
available 
t 65,586 84,848 150,434 
Biogas  Total estimated 
biogas production 
m3 2,218,418 16,787,618 18,257,169 
Total energy 
Production (Biogas) 
GJ 41,484 313,928 341,409 
Electricity MWh 5,423 41,036 44,629 
Bio-
methane 
Thermal Energy GJ 41,090 310,940 338,159 
RNG fuel GGE 354,442 2,682,045 2,916,826 
  DDE 311,891  2,360,200 2,566,807 
 
Table 6.6. Annual potential energy generation from food and manure AD system in Region 8 
  Unit Manure Food waste Manure: 
Food waste 
 Total feedstock 
available 
t 2,965,063 54,559 109,119 
Biogas  Total estimated 
biogas production 
m3 100,291,951 10,794,839 13,242,995 
Total energy 
Production (Biogas) 
GJ 1,875,459 201,863 247,644 
Electricity MWh 260,759 28,067 34,432 
Bio-
methane 
Thermal Energy GJ 1,857,608 199,942 245,287 
RNG fuel GGE 16,022,974 1,724,619 2,115,745 






Biogas utilization pathways  
Tables 6.7  and 6.8  show the energy outputs from each possible biogas utilization pathway: 
direct use in a boiler to produce steam; electricity and heat production in a combined heat and 
power (CHP) system; clean-up for natural gas grid pipeline injection; and clean-up for use as a 
transport fuel,. These data indicate that the total energy prouction of Pathway 1 is slightly higher 
than Pathway 3. However biomethane produced from Pathway 3 could be direct replaced as natural 
gas. However, the clean-up cost associated with converting biogas (~40% CO2, also containing 
other contaminants such as hydrogen sulfide) to nearly pure biomethane represents an additional 
investment burden. The economic viability is still questionable. Although the overall energy 
efficiency of Pathways 3 and 4 seem attractive, it is also important to consider economic benefits, 
biogas distribution network and compressed biogas refueling infrastructure. (See Appendix E, 
Table E.12 for detailed calculations). It is noted that energy outputs are sensitive to the scale and 
efficiency of CHP system, biogas upgrading techniques, and several process conditions (i.e., 
compression and storage and adsorption of H2S). Energy production from each pathway are 
analyzed in the economic model.  
Table 6.7. Potential energy generation pathways from anaerobic co-digestion facilities 





















3 341,409 192,796 44,629 338,159 2,916,826 
8 247,644 139,846 32,372 245,287 2,115,745 





Table 6.8. Potential energy generation pathways from food waste-only AD facilities 






















3 313,928 177,277 41,036 310,940 2,682,045 




The potential compost production in New York State was estimated based on the paper by 
Zhang et al. (2011), who studied the mass and element balance of compost from 11 municipal 
solid waste composting facilities that handle food waste and reported that the type of waste, amount 
of bulking material (i.e., saw dust, rice husk, rice barn, etc.), process flow, operation conditions 
and other factors that determine the efficiency of the composting process. However, the process 
and operation methods are varied based on the type of waste. The ratio of bulking material to waste 
(BM/ input on a dry basis) was calculated as 0.3, based on the data from 11 facilities considered 
in the Zhang et al. study. High variation of moisture content in waste materials was observed.  
Therefore, it was assumed that the moisture content of waste and bulking material are the same in 
the model calculations. 
Residues rejected after compost processing were considered negligible and the costs 
associated with the disposal of residues were not included. Decomposition rates (η) were assumed 
to be 70% for food waste (ηw), and 30-40% for livestock manure (ηm). It was considered that 




bulking material was negligible (1%). Thus, the rate of composting should increase as the ratio of 
BM/Input increases.  The quantity of input and output materials (based on fresh matter, FM) of the 
composting process was calculated according to Zheng et al. (2011), as outlined in Table 6.9 (see 
Appendix E, Equation E.3 for details calculations). Figure 6.6 illustrates the mass balance of the 
composting process.  
 
 
Figure 6.6. Mass balance of composting process on 1 tonne input basis 
 
 
Table 6.9. Quantities of input and output materials available for composting  
in Regions 3 and Region 8 








3 84,848 36,363 121,211 59,394 








6.4.4 Digestate Utilization  
The nutritional availability of digestate (i.e., effluent from anaerobic digester) depends on 
the quality and quantity of the input food waste stream. Understanding the nutrient composition of 
digestate from different facilities allows decision makers to: (1) determine potential uses of 
digestate; (2) identify how well digestate properties from different AD processes match those of 
commercially available fertilizers; and (3) effectively evaluate the fertilizer’s market value. 
Generally, food waste-based digestate contains less fiber content compared to animal manure 
based digestate and it does not require separation of solid fiber. A compost calculator developed 
by Waste and Resources Action Programme (WRAP) in the United Kingdom. was used to estimate 
the financial values of the key nutrients of nitrogen, phosphorous (as phosphate) and potassium 
(as potash) (NPK) present in compost and digestate. Fertilizer prices were based on current market 
prices and documented in WRAP reports (WRAP, 2013a and WRAP 2013b). The NPK values of 
whole digestate and liquid digestate were obtained from an operating full-scale food waste-based 
digester and an anaerobic co-digestion facility. Table 6.10 summarizes the fertilizer prices of green 
waste and food waste compost, whole digestate, solid digestate and liquid digestate: (See Appendix 
E-5 for detailed calculations). The typical solid fraction (fiber) of digestate is 10% FM and the 
liquid fraction is 90% FM (Drosg et al., 2015). The total quantity of potential whole digestate, 
















Market price of commercial 
fertilizers ($/kg)1 
1.48 1.39 0.86 3.72 
Green/Food Compost  
Total nutrient contents 
(kg/t compost)2 
11.0 3.80 8.00  
Readily available nutrient content 
(kg/t compost)3 
0.55 1.90 6.4  
Financial value of readily available 
nutrient content ($/t compost) 
0.81 2.63 5.48 8.93 
Whole Digestate (food waste based)   





Whole digestate readily available 
nutrient content (kg/t)3 
4.18 0.41 1.07  




Liquid digestate total nutrients4  
(kg/t) 
0.96 0.10 1.1  
Liquid digestate readily available 
nutrient content (kg/t)3 
0.77 0.05 0.88  
 ($/t) 1.14 0.14 0.76 2.03 













Table 6.11. Potential whole, solid and liquid digestate generation from anaerobic co-digestion 
facilities, processing waste from large generators 






 (t) (t) (t) (t) (gallon) 
3 150,434 45,130 4,513 40,617 10,676,549 
8 109,119 32,736 3,274 29,462 7,744,327 
 
 










 (t) (t) (t) (t) (gallon) 
3 84,848 16,970 1,697 15,273 4,014,536 




6.4.5 Transportation Costs 
Collecting and transporting food waste presents complex challenges and requires 
considerable logistical planning. Food waste generators are required to operate within the networks 
of waste haulers, treatment facilities, and farmers to establish plans to divert food waste from the 
conventional disposal stream. Spatial factors influence the process of selection of appropriate food 
waste management pathways. ArcGIS software was used to map food waste generators by size, 
waste type, waste quantities and to locate potential sites for development of centralized processing 
facilities (i.e., pretreatment stations, anaerobic digesters, and composters).  For the off-site 




macerated and combined with desired feedstock to produce a homogeneous slurry. The separated 
food waste can proceed to grinding and mixing with manure or liquid food processing waste to 
produce the right consistency of the feedstock stream suitable for anaerobic digesters or 
composting. The model provides on-road distance and cost of food waste transportation between 
food waste generators, pretreatment stations, processing facilities (AD and composting), and the 
final location of digestate utilization (e.g., field spreading on farms), as illustrated in Figure 6.7.  
 
Figure 6.7. Process Flow diagram of the proposed food waste transportation system 
 
New York State proposed legislation for increasing food waste recycling and determined 
that the distance between large food waste generators and the designated food waste treatment 
facility should be within 50 miles. This criterion was applied in the present decision analysis 
model.32 The first step is to identify food waste generators proximity to a new pretreatment station 
and/or treatment facility. Once ArcGIS provides the potential site, Organic Resources Locator 
(ORL), is a web-based mapping tool, enables a count of generators and the quantity of food waste 
generated within the desired distance for the proposed new facility. The location of the new site 
can be modified according to the distance from a particular set of waste generators to receive food 
waste and from a farm to receive digestate.  
                                                          






Food waste generator (FWG) to pretreatment station 
The location of a candidate site for a pretreatment station was sited via ArcGIS as discussed 
in the previous section.  GIS assigned the best location to achieve maximum capacity coverage 
encompassing the shortest distance and the number and quantity of the largest food waste 
generators. As shown below in Figure 6.8, a significant portion of the generators is concentrated 
primarily in the northern part of the region. The transportation distance (Euclidean distance) 
between each food waste generator and pretreatment station was assumed to be within 50 miles. 
The vast majority of generators are located within 50 miles of a pretreatment station.  The total 
annual transportation costs is the sum of the transportation cost of each generator to pretreatment 
station, as listed in Table 6.13. The transportation costs of each generator at 0.001 $/gallon-mile 
(see detailed calculation in Appendix E, Equation E.1) were multiplied by the quantity of food 








Figure 6.8. Small yellow circle represents food waste generators, green circle represents potential 
siting point for the pretreatment plant and blue lines represent selected origin-destination 
connectivity among the 228 food waste generators and the pretreatment plant 
 
Table 6.13. Transportation cost of generators to pretreatment station (50 miles) 
Region  
 
No. of generators  Transportation cost ($) 
3 330 615,907 
8 228 1,143,802 
 
Pretreatment Station to Waste Treatment Facility (WWTP, dairy farms, and landfills) 
 
ArcGIS was used to measure Euclidean distance between the pretreatment station and each 
WWTP that met the specified requirements. For comparison, Google Maps was used to calculate 
the actual road distance between two geographic locations with the provided GPS coordinates. The 
longest route was chosen regardless of travel time and traffic conditions. The difference between 
the two methods was about 30-40%. Therefore, true transportation cost was determined by actual 




similar to WWTPs, the real road distances provided by Google Maps was used to calculate the 
transportation cost.  Most of the large-scale anaerobic digesters are located close to large animal 
farms or inside a cluster of farms (Szkliniarz et al., 2012).  Transportation cost of animal manure 
was not included, as anaerobic co-digestion facilities were assumed to be located on the dairy farm.   
• Wastewater Treatment Plants: Figures 6.9 and 6.10 illustrate transport distances between the 
proposed pretreatment station location and WWTPs that have sufficient capacity for additional 
food waste flow in Regions 3 and 8, respectively. The total annual transportation cost was the 
on-road distance between the WWTPs and pretreatment station at a transportation cost of 0.001 
$/gallon-mile, as listed in Tables 6.14 and 6.15.  
 
Figure 6.9.  Distance between pretreatment station and WWTPs in Region 3 
 
Table 6.14. Transportation cost of WWTP scenario in Region 3 






Harriman 2 18 300,362 
Rockland 29 33 554,906 
Suffern 1.8 31 519,270 
Kingston 6.8 66 1,121,691 
Saugerties 1.4 74 1,255,750 
Yonkers Joint 120 34 576,966 
Yorktown Heights 1.5 9 152,726 






Figure 6.10. Distance between pretreatment station and WWTPs in Region 8 
 
Table 6.15. Transportation cost of WWTP scenario in Region 8 






Avon 2.8 17 183,318 
Lakeville 1.3 18 192,048 
Medina 5.0 67 728,908 
Hornell 4.0 52 561,958 
Penn Yan 1.8 33 363,363 
Total  Total 0.2 million 
 
• Other Treatment facilities: Figure 6.11 illustrates the on-road distance between 
pretreatment and specific candidate locations for WWTPs, dairy farms and landfill 
facilities in New York State’s Department of Conservation Region 8 that was used in this 







Figure 6.11. Distance between pretreatment station and proposed treatment facilities in Region  
 
Table 6.16. Transportation costs of selective treatment facilities 
 Type of 
Treatment 




R3 WWTP Harriman 17.7 300,362 
R8 WWTP Avon 16.8 183,318 
CAFO Noble Hurst 29.4 319,784 
Landfill Mill Seat 48.3 522,096 
 
In this scenario, the new anaerobic digester facility and pretreatment station were 
considered to be located at the same location. Therefore, new AD facilities were the same distance 




generator was multiplied by the estimated distance (50 miles) to calculate the total cost of food 
waste transport to pretreatment station or biogas plant.   
Anaerobic codigestion facilities are usually located on dairy farms and close to crop farms. 
Digestate land spreading distances generally range between 5 and 15 miles33.  Through interactions 
with digester operators, it was learned that they were paying $0.015 per gallon of liquid digestate 
to the farm within a 5 to 15 mile radius. However, in the case of low-volume AD facilities located 
at individual food waste generators, these distances could be more than 15 miles. To consider all 
scenarios and provide conservative cost estimates, transporting distances from treatment facilities 
to the location of digestate utilization was assumed to be 50 miles. Due to the high-water content 
and low nutrient concentration in liquid digestate, the cost of transporting and spreading to obtain 
the same nutrient value as whole digestate is high. The cost of digestate field spreading is mainly 
borne by the AD treatment facility.  Table 6.17 shows the estimated transportation costs of whole 
digestate and liquid digestate from different treatment facilities. 
 
Table 6.17. Cost of digestate transportation 
 Food waste-based Anaerobic 
Digestion facilities 
Anaerobic Co-Digester 













3 124,372 113,606 105,891 302,131 
8 79,974 73,051 68,091 219,154 
 
                                                          




6.5 Economic Analysis 
One of the biggest challenges to the widespread implementation of anaerobic digestion is 
the up-front investment costs to expand existing facilities or build new ones, as well as the high 
operation and maintenance (O&M) costs. To offset the high investment costs, food waste 
conversion facility developers are motivated to look for funding support through grants, cash 
reimbursements, loan guarantees, industrial bonds, private funding and cost share programs34 from 
different agencies (i.e., NYSERDA) and participating in carbon credit trading. Revenues can be 
generated from the system’s operation by selling electricity, fuel and other co-products. 
The present food waste management strategy assessment consisted of three main and three 
sub-scenarios, each with up to four biogas utilization pathways, for a total of 17 main system 
designs. Details on the different treatment scenarios, biogas utilization pathways, incentives and 
digestate valorization options are presented in Table 6.18. The net present value (NPV), internal 
rate of return (IRR), and payback period (PP) were used to compare the economic performance of 
three scenarios: (1) AD at WWTPs, (2a) AD at CAFOs, (2c) AD at landfills, (2d) small sacle AD 
at food waste gnenertor sites and (3) large scale AD at food waste generator sites. Four biogas 
production utilization pathways were evaluated for each scenario to determine the most 
economically favorable AD system configurations. As mentioned in chapter 2, CHP system was 
only considered for Scenario 1.  Since several WWTPs in Region 3 and Region 8 have existing 
AD systems, therefore scenario 2(b) would not be included in the analysis.  Economic analyses of 
these treatment scenarios were evaluated with two options: (1) no incentive (NI), and (2) with 
incentives. The second option includes incentive alternatives that are available for both combined 
heat and power (CHP) and bio-upgrading systems, as well as the sale of digestate. The “no 





incentive” option includes revenue only from the sale of energy and tipping fees.  For example, 
for the AD system configuration with CHP, considered options were: (1) AD+CHP+NI (no 
incentives from policy instruments); (2) AD+CHP+CC (carbon credits); (3) AD+CHP+PTC 
(production tax credits); (4) AD+CHP+REC (renewable energy credits); and (5) AD+CHP+DV 
(digestate valorization). 





Incentive Digestate Valorization 
(1) WWTP (2) CHP [1] Carbon Credit, [2] PTC, 
[3] REC 
WWTP(LAD): send to 
composting sites 
Farm (LAD):  
{1}SD: use as animal 
bedding 
{2} LD:  sell as fertilizers   
 
Landfill & FWG  
(SAD &(LAD):  
{1} WD: 








(1) Boiler [1] Carbon Credit 
(2) CHP [1] Carbon Credit, [2] PTC, 
[3] REC 
(3) Grid Injection [1] Carbon Credit 
(4) Transporting 
fuel  
[1] Carbon Credit 
[2] RIN D3 (Animal manure); 
D5 (Food waste) 
[3] LCFS 
*FWG: Food waste generator; PTC: Production tax credit; LAD: large scale digester; SAD: 
small scale digester; SD: Solid Digestate; LD: Liquid Digestate; 
 
6.5.1 Objective Function 
The objective of this study is to determine the most cost-effective treatment scenario to 
divert food waste. The mathematical model provided a framework for comparing economic 
performance using Net Present Value (NPV), Internal Rate of Return (IRR), and Pay Back Period 
(PP) which are calculated using Equations (6.1), (6.2), (6.3) and (6.4). The net present value was 
calculated at both 5 years and 10 years at 3% inflation rate.  The discounted rate in this work was 




scenarios that were investigated in this work were fairly new concepts (i.e. AD system at WWTP 
or pure food waste anaerobic digester).  O’Shea et al. (2017) considered a discounted rate of 8% 
for biomethane generation from cattle slurry and grass silage in Ireland.  In calculating, 
depreciation of equipment was taken into account.  Higher NPV determines more profitability than 
other projects. The IRR is obtained as discount rate for NPV = 0, using Eq. (6.2). The payback 
period is the number of years required to recover an initial investment through system revenues. 
The annual net benefit is obtained by dividing total annual income recovery by capital expenditure 
(CAPEX). If the project’s IRR is higher than the discount rate, the project considered an acceptable 
investment. This approach have been tested on Region 3 and Region 8, and all three financial 
indicators were computed using Excel software for the three scenarios. Additional details on the 
calculation of system benefits and costs, and the associated input parameters, are provided in 
Appendix B. 




t=0         (6.1) 
where:   TC is the initial investment cost 
    CFt is the cash flow of the total annual income in time period t ($) 
                i is the discount rate (%)  
                t is the time of the cash flow from 0 to T (years). 
 
Internal Rate of Return (IRR) is defined as: 
 




t=0              (6.2) 
 
The payback period is defined as the number of years for the initial investment to be recouped by 
the annual cash flow, without considering the time value of money. 
 
𝑫𝒊𝒔𝒄𝒐𝒖𝒏𝒕𝒆𝒅 𝑪𝒂𝒔𝒉 𝑰𝒏𝒇𝒍𝒐𝒘 =
Actual Cash Inflow
(1+i)n




where:  i = discount rate 
n =  period to which the cash inflow relates 
 
𝑫𝒊𝒔𝒄𝒐𝒖𝒏𝒕𝒆𝒅 𝑷𝒂𝒚𝒃𝒂𝒄𝒌 𝑷𝒆𝒓𝒊𝒐𝒅 = A +  
B
C
                                                                              (6.4)                                                               
where:  A = Last Period with a negative discounted cumulative cash flow 
B = Absolute value of discounted cumulative cash flow at the end of the period A 
C = Discounted cash flow during the period after A 
                                                                                      
Total Profit = Total Benefit  
         - (Total Capital Cost + Total Operating Cost + Total Transportation Cost)             
                                                                                                               (6.5) 
where Total Benefit (B) is defined as: 
 
B = Be + Btp + Bdca + Bcc + BIEP + B
ITF                      (6.6) 
 
Total Benefit = [amount of energy output x saving or sale of energy]                                    (6.6a) 
+ [amount of food waste accepted x tipping fees]                                            (6.6b) 
+ [amount of digestate/compost produced x sale of digestate/compost]          (6.6c) 
+ [amount of avoided carbon emissions x carbon credit]                                   (6.6d) 
+ [amount of electricity produced x (PTC + REC)]                                          (6.6e) 
           + [amount of transporting fuel x (RIN + LCFS)]                                              (6.6f) 
 
where PTC, REC, RIN and LCFS are production tax credit, renewable energy credit, renewable 
identification number, and low carbon fuel standard, respectively.              
 
Total benefit from the treatment facilities [B] with incentive options and by-product 
valorization  is the sum of revenues that  result in sale or saving of energy, Be [$], tipping fees, Btp 
[$], sales of digestate or compost or saving coming from the use of solid digestate for animal 
bedding, Bdcab [$], earnings from carbon credits, Bcc [$], earnings from incentives for electricity 
production, BIEP [$], and earnings from incentives for renewable transporting fuel, BITF [$]. 
Revenues (without incentives) includes the sale of heat, electricity, RNG and transporting fuel at 
the market and the tipping fees. The various components of the total benefit were calculated by 




Sale/saving from Energy production  
Be = Bb+ BCHP + Brngg + Brngt                                                                                                   (6.6a)                                                                                                     
 
These individual benefit items are calculated in the followings:        
Bb = Sale or Saving of Heat ($) = Price of biogas ($/GJ) x Amount of heat production from  
         boiler (GJ) 
                                              = pb  *   EBG-H-Boiler                                                                 (6.6a.1)                                                                                         
                         
 
BCHP = Sale or Saving of Electricity ($) = Price of electricity ($/kWh) x amount of power  
prouduced from CHP (kWh)                                                                
                                                                   = pe * EBG-P-CHP                                                                  (6.6a.2)                                                                             
                                                                                                                                                                                                                   
Brngg = Sale of RNG (Grid injection) ($) = Price of renewable natual gas ($/GJ) x amount of   
                                                                        renewable natural gas (GJ) 
                                                          = pRNG-GI * ERNG-GI                                                         (6.6a.3)                                                                                                                                                                         
 
Brngt = Sale of RNG (Transporting fuel) ($) = Price of gallon gasoline equivalent ($/GGE) x 
      Amount of transporting fuel (GGE) 
                                                                          = pRNG-TF * ERNG-TF                              (6.6a.4)                                                                  
                                                                                                                           
Btp = Tipping fees ($) = Price of tip fees received by treatment facility, k ($/t) x  
                   Amount of food waste (t)  
                                       = Ttip * FWijf                                                                                                              (6.6b) 
 
Bdca = Sale of digestate ($) = Price of whole or liquid digestate ($/t) x  
amount of whole or liquid digestate produced from treatment    
facility, k (t)       
                                            = pwd (or) pld x DEWD-jfk (or) DELD-jfk                                                     (6.6c)    
           or                                                                       
         Sale of compost ($) = Price of compost ($/t) x amount of compost produced from   
                                           treatment facility, k (t) 
                 = pgc x DEjfk            
                             or                                                                                                                                  
         Offset savings from animal bedding ($)  
         = Price of animal bedding ($/t) x amount of solid digestate produced from treatment facility,   
            k (t)  





Carbon offset credit ($)  
= Amount of food waste (t) x Avoided carbon emissions (by AD or Compost)  
    (t CO2 eq./ t food waste) x price of carbon credits ($/tCO2. eq.) 
=  FWjkf x CECO2 x pcc                                                                                                                                                                            (6.6d) 
 
Incentives for electricity production ($)  
= Amount of electricity produced x PTC + amount of electricity produced x REC 
= EBG-P-CHP * [PTC + REC]                                                                                                      (6.6e) 
      
Incentives for transporting fuel ($)  
= Amount of RNG produced x RFS + amount of RNG produced x LCFS 
=  ERNG-TF x [RFS+ LCFS]                                                                                                        (6.6f) 
 
The investment cost is the sum of (1) Equipment cost InvC [$], (2) Operation and 
maintenance expenditure (OPEX) InvOM [$], and (3) Transportation costs (TC) InvTC [$]. 
Investment costs can be expressed by Eq. (6.7) and the sub-relations thereof: 
Total Investment Cost =   CAPEX + OPEX + TC                                                                  (6.7) 
Inv = InvC + InvOM + InvTC 
 
Total Capital Cost                                                                                                                    (6.7a) 
InvC     = ∑j ∑k     Cj + Ck   
[1] Cj  = FWijf Eq
ts 
[2] Ck  = FWjkf Eq
ad 
where: Eqts [$/t]    = specific equipment costs of the transfer stations (ts), j 
Eqad(or)cpt [$/t]  = specific equipment costs of anaerobic digestion plants (ad) or composting   
facilities (cpt), k 
 
Total Operating Cost                                                                                                                   (6.7b) 
InvOM    = ∑j ∑k     OMj + OMk 
where:  opcts [$/t] = specific operating costs of the transfer stations (ts), j 
 opcad(or)cpt [$/t] = specific operating costs of the of anaerobic digestion plants (ad) or composting   








Total Transportation Cost  
 
Total transportation cost includes the food waste transportation costs from food waste 
generators to pretreatment stations, transportation costs from pretreatment stations to designated 
treatment plants, and digestate transportation costs from plants to the digestate disposal locations. 
The total cost of transporting food waste from generators to digestate disposal sites can be 
computed using Equation (6.7c). 
InvTC      =   ∑𝑇𝐶 (∑i  ∑j ∑k  ∑l  FWijf  x TCij  + FWjkf  x TCjk  + DEkld x TCkl )                        (6.7c) 
(1) TCij    = twd
  dij vij                                   ∀i ∈ I,        ∀j  ∈ J       
(2) TCjk     = twd djk vjk                                                         ∀j ∈ J,        ∀k ∈ K                               
(3) TCkl   = twd
  dkl vkl                                     ∀k∈ K,       ∀l ∈ L           
  
The following notations were used for the mathematical model.  
Indices  Sets  
I Set of institutional food waste generator locations, indexed by i 
J Set of potential pretreatment station locations, indexed by j 
K Set of potential centralized treatment facility site location, indexed by k 
L Set of digestate disposal site, indexed by l  
Parameters  Unit 
pb Price of biogas ($/GJ) 
pe Price of electricity  ($/kWh) 
pRNG-GI Price of renewable natural gas (biomethane) for grid injection ($/GJ) 
pRNG-TF Price of renewable natural gas (biomethane) for transporting 
fuel 
($/GGE) 
pgc Price of compost  ($/t) 
pab Price of animal bedding ($/t) 
pwd Price of whole digestate ($/t) 
pld Price of liquid digestate  ($/t) 
Ttip Tipping fees ($/t) 
pcc Price of carbon credits ($/tCO2 eq.) 
CE Avoided carbon emissions by AD or Composting (tCO2 eq./t FW) 
PTC Production tax credits ($/kWh) 
REC Renewable Energy credits ($/kWh) 




LCFS Low carbon fuel standard ($/MMBtu) 
EBG-H-Boiler Amount of heat production from the boiler, biogas as input (GJ) 
EBG-P-CHP Amount of power prouduced from CHP, biogas as input (MWh) 
EBG-H-CHP Amount of heat produced from CHP, biogas as input (GJ) 
ERNG-GI Amount of RNG from biogas upgrading unit, biomethane as 
input 
(GJ) 
ERNG-TF Amount of transporting fuel from biogas upgrading unit, 
biomethane as input 
(GGE) 
InvC Total investment cost of all treatment plants ($) 
InvOM Total operation and maintenance cost for all treatment plants ($) 
Cj Capital costs of the plant at location j   ($) 
Ck Capital costs of the plant at location k  ($) 
OMj Operation and maintenance costs of the plant at location j  ($) 
OMk Operation and maintenance costs of the plant at location k  ($) 
TC Total transportation cost ($) 
twd Unit weighted distance transportation cost, i.e., the cost of one 
gallon of waste traveling one mile including expenses of fuel, 
labor and maintenance, and this applies for all transportation 
routes                      
($/gallon-mile) 
Decision variables  
FWijf Amount of food waste f transported to the plant at location j 
from the institutional generator i 
(t/yr) 
FWjkf Amount of food waste f transported to the plant at location k 
from the plant at location at j 
(t/yr) 
DEWD-kld Amount of whole digestate d transported to the plant at 
location l from the plant at location at k 
(t/yr) 
DELD-kld Amount of liquid digestate d transported to the plant at location 
l from the plant at location at k 
(t/yr) 
DESD Amount of liquid digestate d utilized at location at k (t/yr) 
dkl Distance between node k and l, for k∈ K, l∈ L (mile) 
vij Amount of FW shipped from generators, i to pretreatment 
station, j 
(gallon) 
vjk Amount of FW shipped from pretreatment station, j to the 
central treatment facility, k 
(gallon) 
vkl Amount of digestate shipped from the central treatment 
facility, k to the digestate disposal site, l 
(gallon) 
   





6.5.2 Results of Economic Assessment  
Capital and operating costs  
Total investment cost, also referred to as capital expenditure (CAPEX), includes a one-time 
fixed building, construction and installation costs, equipment cost and land purchase cost for all 
facilities. Equipment costs include the cost of the AD system with CHP or a boiler unit, and a 
digestate separation unit. Operation and maintenance (O&M) cost also referred to as operational 
and maintenance expenditure (OPEX), includes labor cost and the cost of operating and repairing 
the plant. Fixed O&M costs were estimated as a percentage of annual levelized capital costs 
calculated in dollars per metric ton. The cost of land is only included in Scenario 3 (new facilities). 
In this analysis, the capital cost and operating costs were separated into three ranges: (low, medium 
and high). When evaluating the three economic indicators, only the medium cost range was 
considered. The capital cost, operating and maintenance costs, estimated energy and digestate 
outputs, annual revenues from tipping fees, saving from animal bedding, sales of digestate and 
compost were all considered in the analysis. All results are in 2018 US dollars.  
• Pretreatment station: The annual normalized investment cost of $139/t and O&M cost of 
$17/t of a new transfer station was based on the report prepared for Oneida-Herkimer Solid 
Waste Authority (2017). These reported costs seem high compared to the District Columbia 
Compost Feasibility Study (RBS, 2017) in which the estimated capital cost of deploying a 
transfer station at existing facility is $41/t. However, the Oneida-Herkimer (O-H) study 
included the construction cost for a building addition and modifications to an existing transfer 
station, collection and processing equipment (Turbo separator) and sanitary sewer upgrades 




feasibility study was considered more representative of the scope of the present study, and was 
used as the basis of computed capital and operating costs. 
• Centralized anaerobic digester: Large-scale ADs on farms, landfills and food waste 
generators have three sets of capital and operating costs (low, medium and high). Ranges of 
normalized capital costs to build new AD facilities for any scenario was evaluated from 
available published reports that are based on a wide range of actual operations. In this study, 
the capital cost of the AD with CHP system was considered as a base case scenario. The capital 
cost of AD with a boiler system is 36% lower than the base case scenario (Beddoes et al, 2007). 
The investment cost of upgrading this system includes both the fixed cost of equipment and 
variable operating costs. The unit upgrading cost of biomethane for grid injection and 
transporting fuel was assumed to be $0.6/m3 and $0.8/m3, respectively (Rotunno etc al, 2017). 
The transporting fuel pathway requires an additional compression unit to reach a pressure of 
250 bar (Rotunno et al., 2017). The energy output of bio-methane is higher than biogas (i.e., 
higher heating value). However, the economic viability is still questionable. A breakdown of 
components required in the calculation of capital investment cost is shown in Table 6.20 
through 6.27. 
• Waste water treatment plant (WWTP): The cost of retrofitting every WWTP with excess 
capacity in both Regions 3 and 8 was calculated based on $0.53 per gallon of design flow rate 
(Wightman and Woodbury, 2014 and Wang, 2015). It is required that the entire WWTP 
infrastructure be upgraded to support the retrofit of its expanded AD capacity. This includes 
procuring a larger storage tank and/or buying a grinder and upgrading the existing gen-set, etc. 
Of 570 WWTPs in NYS, seven WWTPs in Region 3 and 5 WWTPs in Region 8 are potential 




at $85.6 million and $7.8 million for Region 3 and Region 8, respectively (Table 6.19). The O 
& M cost was calculated based on the incremental flow from the food waste which is entering 
into the WWTP. 
Table 6.19. Retrofitting and operating costs for each WWTP in Regions 3 and 8 
Region  Facility name Design flow rate  
(MGD) 
Investment cost  
($MM) 








Harriman 2.0 1.1 18,718 
Rockland 29.0 15.3 
Suffern 1.8 0.9 
Kingston 6.8 3.6 
Saugerties 1.4 0.7 
Yonkers Joint 120.0 63.2 
Yorktown Heights 1.5 0.8 







Avon 2.8 1.4 12,036 
Lakeville 1.3 0.7 
Medina 5.0 2.6 
Hornell  4.0 2.1 
Penn Yan 1.8 0.9 
Total investment cost of Region 8  7.8  
* New York State Water Resources Institute: Current and Potential Methane Production for Electricity 
and Heat from New York State Wastewater Treatment Plants. Total Investment Cost = Design Flow Rate 
(MGD) x 365 (days) x Estimated Retrofitting Cost (calculated in dollars per gallon capacity). Capital cost 
is calculated based on $0.53 per gallon and O&M costs are calculated based on $1.1 per 1000 gallon and 
O&M costs (Region 8) = 150t/day*200 gallons/ t * $0.0011/gallon * 365 days= $12,036 
 
Table 6.20. Annual capital and operating costs of pretreatment station 
Region Capital cost ($MM) O & M cost ($MM) 
3 11.8  1.4 






Table 6.21. Annual capital costs of AD on dairy farms under different configurations 
 Capital cost ($MM) 
AD + Boiler AD + CHP AD + GI AD + TF 
Low Medium High Low Medium High $143/t 
+($0.6/m3) 
$143/t 
+($0.8/m3) $72/t $143/t $220/t $110/t $220/t $331/t 
Region 3 10.8 21.6 33.2 16.6 33.2 49.7 28.1 41.9 
Region 8 7.8 15.6 24.1 12.0 24.1 36.1 20.4 30.4 
Notes* Upgrading cost: AD+GI = $5.3 million and $7.0 million. O&M costs of biogas upgrading unit are 
included in the upgrading cost. The capital cost per unit of food waste can be referred at Appendix E, 
Table E.2.  
 
Table 6.22. Annual operating costs of AD on dairy farms under different configurations 
 O & M cost ($MM) 
AD + Boiler AD + CHP 
Low Medium High Low Medium High 
$14/t $28/t $42/t $55/t $110/t $165/t 
Region 3 2.1 4.2 6.4 8.3 16.6 24.9 
Region 8 1.5 3.1 4.6 6.0 12.0 18.0 
Note* AD+Bioler: O&M cost = 20% of Capital cost, AD+CHP: O&M cost = 50% of Capital cost 
The O&M cost per unit of food waste can be referred at Appendix E, Table E.2.  
 
 
Table 6.23. Annual capital costs of AD at landfills, and food waste generator sites  
 Capital cost ($MM) 
AD + Boiler AD + CHP AD + GI AD + TF 
Low Medium High Low Medium High $143/t  
+($0.6/m3) 
$143/t + 
($0.8/m3) $72/t $143/t $220/t $110/t $220/t $331/
t 
Region 3 6.1 12.2 18.7 8.5 17.0 25.5 18.2 26.8 
Region 8 3.9 7.8 12.0 6.0 12.0 18.0 11.7 17.2 










Table 6.24. Annual operating costs of AD at landfills, and food waste generator sites  
 O & M cost ($MM) 
AD + Boiler AD + CHP 
Low Medium High Low Medium High 
$14/t $28/t $42/t $55/t $110/t $165/t 
Region 3 1.2 2.4 3.6 4.7 9.4 14.0 
Region 8 0.8 1.5 2.3 3.0 6.0 9.0 
Note* AD+Boiler: O&M cost = 20% of Capital cost; AD+CHP: O&M cost = 50% of Capital cost 




• Decentralized low-volume anaerobic digester (LVAD) system: In the United States, the 
capital and operating costs of commercially available, small-scale AD systems that have an 
installation capacity range between 3,630 and 5,900 t (4,000 and 6,500 tons) of input per year 
are unattainable. The estimated cost was obtained through personal communications with AD 
manufacturers and estimates are compared with a publicly available report from Europe. (Table 
6.25).  The current largest small-scale AD system (SADS) has an installed capacity of 4,989 t 
(5,500 tons) of input on an annual basis which is used as a reference to estimate the number of 
AD systems necessary to deploy for each region.  Approximately 15 ADS and 10 ADS are 
required to accept food waste generated from 330 FWGs and 228 FWGs for Regions 3 and 8, 
respectively. In fact, this is not purely a decentralized system in which every generator disposes 
their waste to one AD system. A hybrid approach was used to minimize the investment cost. 
Therefore, some generators may have on-site AD systems, and some are required to transfer 
their wastes to the nearest AD system. However, the traveling distance is assumed to be the 





Table 6.25. Annual capital and operating costs of low-volume anaerobic digester 





Capital cost ($MM) O & M cost ($MM) 
AD+B AD+CHP AD+GT AD+B AD+CHP AD+GT 
$496/t $606/t $827/t $5/t $17/t $15/t 
3 330 14 42.1 51.4 70.1 0.4 1.5 1.4 
8 228 10 27.1 33.1 45.1 0.3 1.0 0.9 
* The capital cost and O&M costs per unit of food waste can be referred at Appendix E, Table E.3.  
Assuming Capital investment, O & M costs are used based on input capacity of 5,500 tons/year. 
a Capital cost of AD with boiler is assumed to be 2% less than the cost of AD with CHP. 
bCapital cost of AD with CHP and CNG are assumed based on the personal communication with 
equipment manufacturer.  
C Assuming that O&M costs of Boiler are 1% of the predicted capital cost 
d Martin (2007) O&M costs of Boiler are 3% of the predicted capital cost 
e Warren (2012) O&M costs of CNG are 2% of the predicted capital cost 
Assumption made in this study was aligned with data from Wrap (2013c) and De Dobbelaere (2015) 
• Composting:   Similar to the AD scenario, the cost estimates for capital and operating costs 
of composting technologies used in the calculations were based on the actual commercial 
operations. A broad spectrum of the capital and operating costs for any waste treatment 
technology were found because the costs are very project specific. Estimates can be further 
refined with appropriate sites, actual equipment costs and other specific requirements. The size 
requirement for a compost system is approximately 10 to 25 acres. This is twice the site 
requirement for an AD system. The cost of land is incorporated in the investment cost for new 
facilities. 
Table 6.26. Annual capital and operating costs of three composting systems 
 Capital cost ($M) O & M cost ($M) 
TW ASP IV TW ASP IV 
$7/t $25/t $105/t $13/t $22/t $61/t 
Region 3 0.9 3.0 12.7 1.5 2.4 6.7 
Region 8 0.6 1.9 8.2 1.0 1.7 4.7 
TW: Turned windrow, ASP: Aerated Static Pile, IV: In-vessel.  






The viability of this project relies on four distinct revenue streams: (1) selling electricity 
and renewable natural gas (RNG) to electric and gas utilities, (2) tipping fees from food waste 
collection, (3) digestate sales; and (4) policy incentives. Typically, 50 – 80 % of the revenues come 
from tipping fees due to the current low energy price. Based on observation from visits to several 
AD facilities, project economic depend on a number of site-specific factors. The solid fraction of 
digestate from co-digestion facilities is typically used for animal bedding, or some is directly 
applied for soil amendment on their own farms. Some facilities use their biogas to heat the digester. 
Revenues generated from the system’s operation by selling heat, electricity, fuel, compost and 
other co-products are listed in Tables 6.27 through 6.30.  
(1) Saving or Sale of Energy 
Scenario 1 considered that all the electricity and heat captured from AD and CHP systems 
were used within the plant to offset power and heat demand. Therefore, revenue comes from 
offsetting the purchase of natural gas and electricity. It was considered that the rest of the scenarios 
generated their revenues from selling their heat, electricity and renewable natural gas (RNG) at the 
prevailing wholesale price. (See Appendix E, Equation E.4) 
2) Tipping Fees 
The model assumed disposal fees at landfills are higher than the tipping fees of AD and 
compost facilities. Landfill tipping fees across the New York State range between $30 and $116 
per metric ton. Typically, AD facilities charge neutral or lower than the landfill tip fee to attract 
customers. The tipping fee of anaerobic digestion was estimated from personal conversations with 




compost facility (outside Syracuse NY), which charges $46 per metric ton for food waste and $33 
per metric ton for food processing waste. (See detail in S.7.) In this study, tipping fee of AD for 
all the scenarios regardless of treatment facilities was assumed to be  $50 per metric ton and at $39 
per metric ton for composting facilities. Some anecdotal information was also included on 
negotiated tipping fees rated between anaerobic digester operators, waste haulers and generators.  
3) Sale of Digestate and Compost 
In Scenario 1, solid digestate of food waste and biosolids produced by the digestion process 
are sent to a composting facility for further treatment and  liquid effluent is  recirculated back to 
the wastewater treatment system. It is required to be treated for ammonia removal and discharge 
(Wellinger et al.,2013). It is assumed that these materials are not sold to generate income, but 
actually incur a cost for transportation and tipping fees. In scenario 2 (a), the solid fraction of 
digestate from anaerobic co-digestion facilities is used for animal bedding and revenues produced 
from offset savings. Currently, the only solution for liquid digestate from AcoD and whole 
digestate from FW-AD is use on agricultural land, either on site or transported off-site for land 
application. AD facilities are required to pay the costs of storage, land spreading, and transport 
associated with the disposal of whole digestate or liquid digestate to the agricultural land. 
Therefore, in Scenario 2(c), 2(d) and 3, digestate produced from AD systems is sent to the land 
where a disposal cost is paid. The total solid contents of digestate defines the nutrient 
concentrations and the possible end-use. Due to the low solids content of liquid digestate, 
application of liquid digestate was required more often than whole digestate to displace synthetic 
fertilizer (See Appendix E, Equation E.4).  In Scenario 3, compost produced from compost 





4) Policy Incentives 
 
There are no carbon credits for non-farm-based digesters for mitigated CO2 emissions from 
diverting food waste from landfills. New York State renewable energy credits are only given when 
electricity is generated. The financial incentives of producing biomethane depend on the end 
application. The federal RFS and the California LCFS offer incentives for the production of 
renewable natural gas (biomethane) used for a transporting fuel.  In the business as usual, without 
incentive scenario, no policy incentives are included. There is currently no incentive available for 
biomethane injected into the natural gas pipeline. Therefore, in the results presented below no 
policy incentives were considered.   
 
Table 6.27. Potential revenue from the sale of biogas, electricity, and transportation fuel from 
farm-based ADS and food waste-based ADS 





























AcoD 3 N.A 0.62 N.A 0.35 N.A 3.17 1.00 3.2 
8 N.A 0.45 N.A 0.25 N.A 2.30 0.7 2.3 
FW-
AD 
3 1.49 0.57 0.84 0.32 6.59 2.91 0.92 2.94 
8 0.96 0.36 0.54 0.21 4.24 1.87 0.59 1.89 















3 59,394 530,142 
8 38,192 340,894 
*EPA (2012) Food Scrap Recycling: A Primer for Understanding Large-Scale Food Scrap 
Recycling Technologies for Urban Areas. 
*1 t of compost = $9.64: Wrap (2011) 
** Decomposition rate (%) = 5 
 
Table 6.29. Annual potential revenue from the sale of whole, solid, liquid digestate from 
anaerobic co-digestion facilities 












3 176,996 79,553 2,678 38,270 129,905 
8 128,385 57,705 1,943 27,760 83,532 
 
6.5.3 Results of Scenario Analyses  
Appendix E, Table E.1 to E11. show a complete list of the input data sources used in this 
work. and Table E.12 provides example calculation for AD development scenario in Region 8. A 
detail of the economic assessment of all three scenarios and the results of all financial indicators – 
net present value (NPV), internal rate of return (IRR), and payback period (PP) – are presented in 
Appendix E, Table E.13 to Table E.16.  
Scenario 1. Anaerobic Digestion at Waste Water Treatment Plants (WWTPs): The 
economic consideration of diverting food waste to WWTPs and biogas utilization in WWTPs were 
examined. Results from this model show that in both Regions 3 and 8, Scenario 1 (WWTPs) is by 
far the most economically favorable option in regard to the highest net present value and shortest 




facilities, with the use of purified biogas for on-site electricity generation. WWTPs usually have 
large electricity demand for compressors used for aeration, and therefore electricity production can 
be the best option, with reclaimed heat from CHP used in the pretreatment process or during 
anaerobic digestion. This and other high-value options include a pretreatment station that would 
be used for food waste de-packaging, grinding and homogenizing.  WWTPs also indicated their 
interest in accepting food waste if it is in the form of a consistent and homogenous slurry. Food 
waste is transported and processed to pretreatment stations to produce a homogenous slurry 
suitable for WWTPs.  There are 29 existing transfer stations in Region 3 and 13 in Region 8. 
Identifying the appropriate type of existing transfer station close to the selected WWTP is required. 
This is to reduce traveling distance and to further reduce annual costs. When deciding to retrofit 
the plants, the savings from the offsetting plant energy demand should be higher than the capital 
and operating costs. Nevertheless, excess biogas produced from food waste and receiving tipping 
fees would overcome the initial investment. For that reason, only installing a CHP system at 
WWTPs were considered. This scenario has positive cash flows after year two. 
The amount of biogas produced at waste water treatment plants depends on the daily 
influent flow ( in millions of gallons per day, MGD) and other site-specific factors. Hence, because 
of economies of scale, the large operations are likely to have the potential for considerable 
economic benefit. Facilities that are operating less than 2 MGD of biogas per day are not advisable 
to consider for food waste conversion, although higher biogas potential is possible by processing 
fats, oils and grease (FOG) and high strength food processing waste. In this study, WWTPs that 
are currently operating at the daily flow rate of 2 MGD were chosen to evaluate the economic 
performance of including food waste processing. The amount of energy included in the calculation 




biosolids are not considered. Ideally, more savings could be expected. That could serve as a 
reference for other operations. Figure 6.12 displays "with" or "without" incentives across all the 
configurations.  
 
Figure 6.12. NPV of WWTP scenario from a ten-year analysis with 10% discount rate 
 
Scenario 2a. Concentrated Animal Feeding Operations (CAFOs): Due to NYSDEC 
regulations, centralized anaerobic co-digesters on dairy farms are required to accept at least 50 
%v/v of manure slurry and the rest can be organic wastes. Anaerobic co-digestion (AcoD) of dairy 
manure with food waste yields less than pure food waste digestion. In general, AcoD plants are 
larger, offering greater economies of scale. Capital and operating costs are not only dependent on 
the quantity of feedstock but also on the type of feedstocks that facilities are designed to process. 
Therefore, Scenario 2a, (CAFOs), require higher capital and operating costs compared with food-
waste only anaerobic digester systems. Currently, electricity generation is the most common option 




to the grid. Recovered heat from CHP systems is used in the form of hot water to heat the digester 
and may provide space heating for the dairy. Dairy farms generally have minimal on-site electricity 
demand, and  they therefore make their excess energy available to the grid at wholesale prices.  
Some farm-based AD facilities are considering cleaning and upgrading their biogas to inject into 
the natural gas grid or to use it as transportation fuel. This could only be possible if the dairy farm 
is close to the natural gas distribution line or dairy producers use CNG fuel in their fleets of the 
trucks. The cost associated with economic benefits is dictated by the producer’s proximity to the 
natural gas grid line.  Another Potential revenue from energy generation highly depends on the 
biogas utilization. Another potential source of revenue is the avoided cost of animal bedding 
purchases. The cost of transporting liquid digestate should be lower compared to other scenarios 
since dairy farms are close to croplands. 
Scenario 2c. Landfill: In this economic model, the rental fees for siting an anaerobic digestion 
facility are not included in the host/rental fees agreement and fees are generally site specific. For 
Scenario 2c, biogas to produce electricity is not the recommended option as there is minimal 
electricity demand within the facilities. Instead, biogas can be upgraded for use in compressed 
natural gas (CNG) vehicles.  Waste collection vehicles at municipal solid waste landfill facilities 
have used (CNG), and this practice is expanding. Biogas from AD systems with controlled 
feedstock inputs usually has higher CH4 content than landfill gas (45-55% CH4) which reduces 
the operating cost. In addition, there is an opportunity to recover biogas from landfills to produce 
electricity, or used the same biogas upgrading system for both landfill gas and biogas. The energy 
requirements of the gas upgrading system are one of the considerations to adopting this technology. 
Scenario 2d. Individual Food Waste Generators: Generally, institutions generate consistent 




digestion system can be used to satisfy part of the on-site demand for space heating (or steam in 
the case of a food processing plant) and electricity. Positive 10-year NPV value was observed for 
the  CHP option. In fact, for all Scenarios, the CHP system achieved the highest NPV because the 
production of heat and electricity can be substituted on-site utilities that have a higher value than selling 
these resources to a third-party. We therefore considered the commercial natural gas and electricity 
prices to compute the value of offseting the demand of heat and electricity at individual food waste 
generators. in Scenario 2d, the transporting fuel option performed worst among all possible biogas 
utilization strategies. Biogas upgrade for use in the existing natural gas grid or transporting fuel may 
not be a suitable choice because the cost of upgrading is high and the distribution of compressed 
biomethane is complex. Furthermore, there is likely little demand for compressed natural gas as a 
transporting fuel at most institutions. For this part of the analysis, we considered the wholesale CNG 
price as the effective value of biomethane as a transportation fuel.  
Small-scale AD systems usually come with pretreatment equipment units, therefore, this cost 
is imbedded in the overall investment cost summarized above. Moreover, transportation costs from 
pretreatment stations and treatment facilities are not considered. This implies that savings from 
transportation costs per volumetric unit of food waste and pretreatment equipment cannot overcome 
the high capital barriers of installing small AD units. 
Scenario 3. New Facility: The economic results of a new AD system at the proposed location 
identified by ArcGIS are very similar to Scenario 2a. The only difference between these two is the 
cost of land purchase for the new facility.  In Scenario 2c, the transportation costs associated with 
pretreatment stations to AD facilities are included whereby, in Scenario 3, they are on the same 
location and transportation costs are eliminated. The pretreatment station and AD facility are 




to the treatment facility. The cost of transporting liquid digestate from dairy farms is higher than 
the latter because of the high-water content.  
NPV of AD systems with CHP unit 
The economic assessment was performed on AD+CHP system for all the scenarios using 
three economic indicators as shown in Figure 6.13 for Region 8. NPV of farm-based anaerobic 
codigestion systems gives a negative value which, in this scenario, a facility accepts only 50% of 
food waste which is co-digested with cow manure.  The investment cost of this AD system is two 
times higher than food waste-based digesters. However, the amount of biogas produced from 
manure is approximately two times lower than food waste. It showed that the biogas economy 
highly influences the type of feedstock.  
 





Scenario 3. New composting facility:  Appendix E, Table E.15 and E.16 demonstrates the details 
of the economic analysis of all three composting systems. The results of the model indicated that 
only the turned windrow system shows a positive NPV in five years but the aerated static pile 
(ASP) system performs better than an in-vessel system and provides positive 10-year NPV. It is 
understood that capital and operating costs of the in-vessel system are the highest among the three 
systems. The capital cost of new composting facilities includes the cost of land purchase, requiring   
about two times the land area of new AD facilities. The investment cost of composting systems is 
relatively lower than the AD systems. Revenues from composting are produced from tipping fees 
and selling the compost. The tipping fees of composting facilities are at a comparable rate as AD 
facilities, and the sale of compost is higher than digestate values.  There is no energy generation 
in the composting process, carbon credits are unavailable for offsetting fossil fuel energy. From a 
pure economic stand point, new compositing facilities  perform among all the best of all scenarios. 
While the investment cost is relatively low, the composting process takes longer, requires a large 
land area, is labor intensive and presently receives no incentives.  Policy incentives and regulations 
should be applied for aerobic composting to accept food waste and produce useful products at a 
comparably low treatment cost per unit mass or volume. 
 
6.5.4 Sensitivity analysis  
Sensitivity analysis was performed to investigate how the overall results of the model are 
affected by changes in certain parameters. The analyses performed throughout this section were 
only for food waste-based digesters at food waste generator sites (Scenario 3), in Region 8. Three 
sensitivity analyses were carried out.  In the following analyses, the investment cost remains the 




(avoided emissions from food waste through alternative treatment technologies); (2) the sale of 
by-products (whole, solid and liquid digestate); (3) the sale of environmental attributes of 
renewable energy generation (credits under state and federal programs).  This analysis displays 
the amount of generating capacity that becomes economically feasible depending on the 
incentives.  
 
As Figure 6.14 indicates, little response was observed with the addition of carbon credits 
and the sale of digestate. In figure (a), although the capital cost of AD+ boiler system was the 
lowest, there were no available incentives for heat production. In figure b, changes were observed 
when PTC and REC credits were added to the project for CHP system. Similar to the boiler system, 
there were no available incentives for grid injection. Carbon credit and digestate could not improve 
the economy of this project.  Typically, the commodity price of GGE is higher than natural gas 
and electricity prices. Therefore, GGE outperformed the other scenario. Furthermore, the 
incentives received for transporting fuel is higher than electricity production. Fuel transportation 






Figure 6.14. NPV of all scenarios from a ten-year analysis with 10% discount 
 
Effect of incentives 
Figure 6.15 compares the business as usual (no incentives scenario) with the incentive 
scenarios.  Without the incentives, the payback period is more than 9 years and IRR is less than 
10 percent (expect for transporting fuel) for all scenarios. It showed that the profitability of projects 






Figure 6.15. Sensitivity analysis assuming (1) without incentives and (2) with incentives (I)   
 
 
Power generation vs. biomethane production  
Figure 6.16 shows that economics benefits of electricity generation from CHP system and 
transporting fuel are relatively similar. Most of the energy policies favor electricity production 
from biogas projects. Today most of the anaerobic digesters and landfills use biogas for electricity 
generation, heat onsite and/or flare it off to destroy CH4. Dairy farms, WWTPs and FWGs are not 
serviced by many vehicles and on-site renewable natural gas (RNG) demand is very limited. 
Therefore, injecting biogas into a pipeline to use to use elsewhere as vehicle fuel or in other 
applications is found to be the best approach. (Note that landfills have many vehicles. Because of 
this, they are the exception to this approach.) The renewable energy for the grid injection 
configuration performed the worst because the investment cost is higher than with boiler systems. 





Figure 6.16. Sensitivity analysis assuming different biogas utilization (a) boiler, (2) CHP, (3) 
Grid Injection, and (4) Transporting Fuel 
 
The commodity value of transporting fuel is high, and it can also generate income from the 
sale of associated environmental attributes. Figure 6.17 depicts the potential incentives available 
for RNG and electricity which includes. The left figure further illustrates the incentives generated 
from the different input feedstock:  D3 RINs (biogas from cow manure) and D5 RINs (biogas from 
food waste). RNG generates income and is sold as transporting fuel at the commodity market. In 
addition, RINs and LCFS can be traded on the open market.  Similar to RNG, electricity produced 
from biogas was used to receive Federal production tax credit (PTC) which had expired at the end 
of 2016 and had not been extended yet. REC funding through NYSERA is only available through 
2015 for the new AD system installation and operation. For the purpose of comparison and 
contrast, they were included to compare with RNG so that a new AD developer could identify 




from D3 RINs and $15.97 from D5 RINs. Meanwhile, one megawatt-hour of renewable electricity 
could create $112.  
 
Figure 6.17. Estimated Breakdown of (a) RNG value from D3 and D5 (commodity gas value + 
RINs + LCFS value) (b) Electricity value (whole sale electricity value + PTS + REC 
 
Biogas from animal manure vs.  Biogas from food waste  
As shown in Figure 6.18, the value of D3 RINs is higher than D5 RINs. Therefore, it 
seemed that the adoption of AD systems at dairy farms is economically attractive in terms of 
income generated from incentives. In this analysis, the economic feasibility between the generation 
of RNG from animal manure and RNG from food waste was investigated.  For anaerobic co-
digestion system, the value of D3 RINs was used, although the input feedstock is a mixture of 50% 
manure and 50% (v/v) food waste and it is considered as the cellulosic feedstocks that met 75% 
threshold. Figure (a) displays that, without incentives, NPV of food waste-based ADS is a higher 
value than the anaerobic co-digester system and achieves positive value at 9 years. As discussed 
before, the investment costs do not scale proportionally with the generation of biogas. On the other 
hand, figure (b) shows that the with incentives scenario, the co-digestion AD systems achieve a 




anaerobic co-digestion system was offset by the revenue generated from D3 RINs. Therefore, 
earnings from the RINs are significantly higher than the revenue generated from the sale of energy 
(biogas generation from food waste) from food waste-based AD. This showed that, in order for 
food waste-based digesters to be economically comparable to the anaerobic co-digester systems, 
biogas from food waste should be entitled to D3 RINs.  Most importantly, it would prevent 






Figure 6.18. Sensitivity analysis assuming (a) Without RIN incentives: (1) Farm based ADS and 
(2) food waste-based ADS (b) With RIN incentives: (1) Farm based ADS and (2) food waste-





6.6 Conclusions and Recommendations  
This chapter examined the economic viability of different food waste management 
strategies based on anaerobic digestion of food waste in centralized and decentralized facilities 
and aerobic composting of food waste and yard waste in centralized facilities in DEC Regions 3 
and 8.  Results for potential energy generation from food waste and potential energy demand for 
each region and four biogas-to-energy conversion pathways for different scenarios were presented. 
Earlier results from Chapter 2 indicated that, in Region 3, there were no landfill facilities and the 
quantity of dairy manure generated was not enough to co-digest with food waste. Therefore, this 
region has fewer deployment options. As a result, Scenarios 1, 2d, 2e, and 3 were investigated. On 
the other hand, Region 8 offers multiple deployment scenarios because of the quantity of food 
waste generated and the substantial number and variety of its treatment facilities. This provided 
Region 8 greater flexibility for energy production and consumption. The study concluded that, 
when implementing a diversion strategy for a new food waste-to-energy technology, it is important 
to consider region-specific circumstances, including quantity and quality of food waste and 
existing treatment facilities. The results also indicated that the energy production from different 
treatment scenarios that arise from specific feedstock sources, applied treatment technologies and 
digestate management options are highly correlated to these regional factors. 
Barriers to deploy AD system at WWTPs:  Result of this study showed that Scenario 1 (WWTPs) 
has by far the best performance in Region 3 and Region 8. The findings of this study clearly 
showed that the relatively low capital investment is a significant factor driving the viability of this 
option. Recently, utilizing WWTPs to treat organic wastes and produce energy has been 
recognized as an untapped source of renewable energy by different entities (e.g., Wong et al., 2011; 




economic, technical, and social issues. Currently the activity in production and utilization of biogas 
at WWTPs in the U.S. is low because of the slow rate of biogas production from biosolids, and 
high retrofitting and operating costs. These challenges could be overcome by co-digestion of 
biosolids with organic wastes that increase biogas production, produce higher methane yield, 
increase utilization of anaerobic digester system, reduce biosolids reduction and also receive 
tipping fees (Shen et al., 2015). However, it is known that high variability of organic waste 
composition could cause instability and inhibition in the digester (Hedge et al., 2016). The lack of 
case studies and technical knowledge to operate co-digestion of sewage sludge with organic waste 
often prevents WWTP operators from accepting the latter. Additionally, most current WWTPs 
send their biosoilds to landfill or for land application. By mixing with organic wastes, the nutrient 
values and composition of biosolids would be changed and large variation could be observed. 
Handling additional waste streams and identifying new markets for biosolids could create 
additional responsibilities for WWTPs and increase the attendant costs. 
In addition to the WWTP option, the results of the analysis summarized for Region 8 in 
Figure 6.19 and Appendix E, Table E13a and Table E13b indicate that other food waste 
management scenarios may have positive economic performance worthy of consideration. In 
descending order based on 10-year net present value greater than $5M, the most favorable options 
were determined to be:  
• Expanded AD with CHP capability at existing WWTPs (Scenario 1)  
• AD with CHP at individual food waste generators (Scenario 2d)  
• New turned windrow (TW) composting facilities (Scenario 3)  
• New aerated static pile (ASP) composting facilities (Scenario 3)  
• AD with CHP at new centralized facilities (Scenario 3)  





The novelty of the research documented in Chapter 6 lies in its assessment of food waste 
management options that comprehend technical feasibility and performance metrics, detailed 
analysis of capital investment, operating and maintenance costs, availability of food waste 
resources, and existing incentives for renewable energy system deployment. Moreover, this is the 
first known study to consider on a regional scale in New York State,  the option of deploying food 
waste valorization equipment at existing public and private facilities that have the potential to offer 
advantages in waste handling, transportation infrastructure, and facilities for managing digestate. 
The methods and approach described in this research can be extended to other regions with 
different food waste resources and options for waste management. However, it is important to that 
the results of the economic model are strongly dependent on the assumed value of the biogas 
generated from food waste converted in anaerobic digesters, or the value of electricity produced 
by combusting this biogas in an engine-generator set. We believe the model accurately identifies 
use of excess capacity in existing WWTPs as the lowest cost food waste management option. For 
other potentially viable options, it is essential to more accurately establish the economic value of 










Figure 6.19.  Comparative results of economic analysis for Region 8, based on 10-year net 




Chapter 7: Conclusions and Recommendations for Future Work 
 
Food waste on different levels of the food supply chain produces an impact at 
environmental, societal, and economic levels. Many sources of data have been made available to 
quantify food waste globally over the past several decades, however there is limited data on the 
evaluation of food waste management alternatives, because local practices vary depending on the 
available waste feedstock in a specific geographic region. Therefore, regional evaluation of the 
amount of food waste generated and treated in the existing treatment facilities is not well 
determined in New York State. The main approach used throughout this dissertation was to assess 
the economic feasibility of proposed treatment pathways. However, diverting food waste from 
landfills has also indirectly considered the environment benefits of food waste disposal at landfills 
and production of renewable energy.  
 
To gain a better understanding of current practices, Chapter 2 provided an assessment of 
the state-of-the-art the food waste treatment in New York State, as it is important to account for 
the future intended diversion pathways. The overall aim of this part of the research was to fill data 
gaps and provide a comprehensive assessment from food waste generation to outputs in order to 
implement an effective food waste diversion strategy.  In this study, the quantity of food waste and 
the existing facilities available in a specific geographic region were evaluated and provided a 
methodology via a case study for the first time in literature. The results of this study on the quantity 
and quality of food waste as well as findings on the availability of existing treatment facilities, 
provides guidance to decision makers on the choice of treatment pathways for each region. This 
work also provided the current state of anaerobic digestion and aerobic composting technologies 




concluded that geographic locations play an important role in implementing new food waste 
diversion strategies.  
Chapter 3 demonstrated that the capital cost of low-volume anaerobic digesters (LVADs) 
for deployment at food waste generation sites needs to be significantly reduced to be considered a 
viable waste management strategy. Adopting LVAD at institutions can be economically viable 
only if there are additional sources of revenue such as accepting as much food waste as possible 
to generate income from tipping fees and to produce more energy output. An attractive approach 
is to directly utilize biogas on-site for steam generation or space heating, thereby eliminating 
altogether the gen-set for electricity production. More effort needs to be applied to establishing 
value-added opportunities for other LVAD co-products, such as waste heat and liquid or solid bio-
fertilizer from digestate. The latter co-products are particularly important as we consider 
deployment of pure food waste digesters in non-farm locations where field spreading is not a viable 
option.  
Additional revenues for LVAD systems could be generated by anaerobic codigestion of 
food waste with waste cooking oil (WCO), another readily available institutional food waste, to 
increase the overall biogas yield.  Paper and cardboard are major biodegradable organic fractions 
in municipal solid waste. The contaminated paper and “take away” containers from food service 
facilities cannot be recycled, but it is possible to co-digest these paper products using anaerobic 
digesters. Paper waste is estimated to be 12% of total solid waste generated in RIT, which could 
be additional feedstock for anaerobic digestion. Currently, 50% of paper products are being 
recycled. The rest ends up in landfills. Although the paper waste was not considered as an input 
feedstock in the proposed AD system, it is worth considering increasing the input capacity of 




Some barriers to operating food waste AD systems are the complex composition of food 
waste stream and ambient environmental conditions. Digester temperature plays an important role 
in biogas production, bacterial growth rate, degradation rate of substrates and ultimate composition 
of the digestate. The thermal energy requirements for digester operation are dependent on various 
factors, including feedstock characteristics, digester system features and geospatial location. Many 
prior studies have explored AD performance under mesophilic and thermophilic conditions, 
however there is very limited knowledge of ADs operating at psychrophilic conditions (<20°C), 
especially AD systems treating organic materials including food wastes. The operating 
temperature of AD systems is one of the most critical factors for economically feasible digester 
operation in cold climates like upstate NY where most annual temperatures are below mesophilic 
conditions. Therefore, heating could represent a large portion of the overall operation cost. Thus, 
the viability of implementing food waste based anaerobic digesters in cold climates is uncertain 
from both technical and economic perspectives.  
In Chapter 4, the waste cooking oil-to--biodiesel production system demonstrates that 
effective utilization of crude glycerol is very crucial to further development of biodiesel production 
at the community or institutional scale.  The glycerin by-product of the waste cooking oil-based 
biodiesel production process could be treated as “waste” if there is no perceived economic value. 
Solving one environmental problem by displacing conventional petroleum with a renewable source 
of fuel should not cause another environmental problem.  Institutions would have incurred an 
additional expense to dispose of this material at a landfill or wastewater treatment plant. From the 
standpoint of sustainable system development, displacing one waste product (waste cooking oil) 
should not create another waste product (glycerin).   Institutional-scale biodiesel and liquid soap 




developed countries where the population is congested and dense. Technical and economic 
assessment of this chapter has demonstrated that a WCO-to-biodiesel system can also receive a 
substantial amount of revenue from liquid soap production, which also reduces GHG emissions by 
displacing petroleum fuels with renewable energy resources. The finding from this research will 
inform continuing research in community-scale biodiesel production system in developing 
countries, where the likely pathway for biodiesel utilization is not vehicle transport or space 
heating, but engine-generators set for the local electrical power production. In these same 
countries, local production of soap would be expected to have significant health and economic 
benefits, thereby enhancing the viability of the overall system. 
Chapter 5 demonstrated that black solider fly larvae could convert a wide variety of low-
value organic waste into protein- and lipid-rich biomass. Chapter 5 also explored the potential of 
producing biogas from BSFL, considered BSFL composting as a pretreatment step for anaerobic 
digestion process, and investigated several different pathways of integrating BSFL anaerobic 
digestion into other high-value processes. The major advantages of the BSFL for bio-methane 
production over energy crops and algae are that BSFL cultivation does not require nutrient-rich 
land, requires minimal water, has a small land footprint and limited waste stream, and BSFL’s 
growth rate is much faster than for other energy crops. The proposed integrated biorefinery system 
would utilize BSFL fed on dining hall wastes for biodiesel production and the lipid extracted BSFL 
and other by-products for methane production while reducing the volume of food waste on campus.  
The results of this experimental research demonstrated that BSFL grown on organic food 
wastes could be a potential non-food feedstock for biodiesel and biogas production individually, 
as well as in a biorefinery framework. Development of multiple biofuels production from BSFL 




improve the economic value of BSFL biomass used. Little information is available regarding the 
economic and environmental viability of scaling up these systems for colder climates, nor what 
the optimal parameters (i.e. heat input, reactor design, and emission output, etc.) are to use BSFL 
in locations with high food waste generation. To scale and optimize the system, more information 
needs to be acquired on mass and energy generated, consumed, and transformed during 
degradation of food waste by BSF, and the associated emissions from BSFL composting systems.  
Cultivating and harvesting BSFL in cold weather will require additional energy to maintain heat 
and light for breeding, and also for continuous BSF activity. BSFL is native to warm climates and, 
therefore, optimal environmental conditions are required to handle high levels of waste in larger 
scale waste management systems, especially in colder climates such as Upstate New York.  Large-
scale BSF composting systems are employed in warmer climates but have been previously been 
studied only in laboratories and pilot-scale facilities in colder climates.  
 During larval processing of organic waste, an unquantified amount of byproduct 
greenhouse gases is released into the environment. Although these emissions are expected to be 
much lower than standard composting, to date, there are no standard protocols or solutions to 
remove or measure these gases from the air in comparable insect-based biodegradation facilities. 
It is important to determine the energy requirements for maintaining the colony throughout the 
winter, quantify the methane and CO
2 
release from composting with BSFL, and calculate the value 
of the larvae and their wastes from an environmental perspective. Applied research is needed to 
fill the knowledge gaps related to energy requirements and generation, costs, and emissions. 
To date, the majority of AD systems deployed nationally and within New York State are 
just treating dairy manure located on farms. Recently, codigestion of manure and food waste on 




relatively new. Chapter 6 analyzed the potential energy production potential from different waste 
treatment facilities, the spatial distribution of food waste generators and existing waste treatment 
facilities (including farm-based anaerobic digesters), AD at wastewater treatment plants (WWTP), 
and composting facilities. Each treatment facility has a unique way of operating the system and 
each has unique energy demands. Different incentives are available for different facilities, 
depending on the input feedstocks. For instance, for facilities to satisfy the requirements of D3 
RINs ($1.96/RIN) (RIN are credits from the federal Renewable Fuel Standard program); the input 
feedstock must have 75% cellulosic content.  Otherwise, it falls under D5 RINs, with a value of 
only $0.75/RIN). Food waste usually has less than 75% cellulosic content. However, food waste 
provides higher biogas yield than animal waste and biosolids and generates revenues from tipping 
fees by accepting food waste. Currently, tipping fees are the most important contributor to the 
project profitability, and in fact, revenue generate from tipping fees is generally higher than that 
from power generation. In near future, it is going to be an important factor for food waste treatment 
facilites to make decisions on whether tipping fee revenue from food waste would cover the capital 
cost of upgrading biogas to biomethane and earn incentives from RFS program. It could be solved 
by charging tipping fees based on the composition and organic loading of feedstock instead of 
susbstrate volume or weight basis. Biogas yield of food waste is generally higher than cellulosic 
feedstock, and therefore it is necessary to create a model to provide the optimal scenario that 
diverts food waste with maximum profit for the treatment facility operator, minimum cost for the 
food waste generator, and minimum environmental impact.   
Findings from Chapter 6 presented the fact that there is no single “best” solution for waste 
management. Technology alone cannot provide the solution, and the viability of food waste 




All of these factors must be assessed carefully to assure a successful implementation of the selected 
diversion option.  Polices with multiple outputs from treatment facilities should be incentivized 
and in some cases, it should be required as part of food waste conversion system deployment. The 
existence, stability and reliability of the legal and political framework and support schemes have 
also been recognized as major driving forces. The lack of long-term strategies or perspectives for 
food waste management and the renewable energy sector is perceived as the number one barrier 
across the United States.  It demonstrates that a stable and reliable framework will provide the 
industry and investors with a long-term perspective, visibility and certainty. Access to sufficient 
financing is also recognized as a problem in a significant number of countries, but also can impede 
progress at a regional scale in developed countries such as the U.S.  Clear information about 
incentives on the development of energy generation from biogas or biomethane is required to 
communicate both to the public and to policymakers. Without providing appropriate incentives 
and monetizing environmental benefits from government agencies to manage food waste, the 
adoption of anaerobic digestion systems may not be an effective or efficient strategy.   
An integrated bio-refinery architecture for recycling food waste to produce combined 
energy and value-added products is highly feasible compared to applying technologies individually 
(i.e., composting and anaerobic digestion). Integrated refinery systems provide greater flexibility 
to accept more than one waste and produce more than a value-added product for system constraints 
that may present insurmountable barriers for mono technology applications. However, selecting 
the technologies for integration should be dependent upon the type and composition of the food 
waste, and the local need for end product use within the community.  There is a knowledge of gap 




individual food waste generation locations.  Further research should be carried out to implement a 
commercially viable and universal available system.   
Because it is outside the scope of the present work, the social impact of food waste was not 
measured quantitatively. In the future, social impact evaluations should be included and measured 
to present the social benefits correlated to the proposed approach.  The unique part of this 
biorefinery system allows food waste generators in the process of waste management as it creates 
sense of belonging to a healthy community. Everyone in the community knows where their food 
comes from and where their food has been disposed. The implication of a decentralized, on-site 
anaerobic digestion system is simply the creation of a zero-waste community. This not only 
reduces waste management issues but also keeps resources within the community to achieve local 
economic benefit.  
In conclusion, this study developed an economic analysis framework that proposes the 
most appropriate food waste management options at different regional scales in New York. A case 
study of food waste management in New York is intend to serve as an adaptable model presented 
to demonstrate the practicality of the proposed approach in this study. The assumptions and 
methodologies in this study, such as the estimation of the total annual food waste yields at 
institutions in the food supply chain, current food waste-to-energy conversion technologies, and 
related national regulations and incentives, can be applied to build a similar analysis framework 
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Appendix A: Chapter 2: Supplementary Information  
 
Table A.1 – Existing transfer station in Region 3* 
No. Name of transfer station Distance** 
 (mile) 
1 Mantovi Excavating Inc dba Mahopac Septic 13 
2 West Point Transfer Station 14 
3 Somers Sanitation LLC 15 
4 Mt Kisco Transfer Station 18 
5 Rockland County SWMA Haverstraw (Bowline) TS 19 
6 Beacon Recycling & Transfer 21 
7 Tyndall Septic Systems Inc 24 
8 Orange County Transfer Station No.2 (Newburgh) 25 
9 Watch Hill Holding Corp/Royal Carting Service 26 
10 Westchester County Brockway Place Transfer Station 28 
11 Stuart W Bates Inc 28 
12 Seneca Meadows Inc (West Nyack TS) 29 
13 IWS Crossroads Transfer Station 29 
14 Rockland County SWMA Clarkstown Transfer Station 29 
15 IWS Chestnut Ridge Transfer Station 30 
16 Westchester County Thruway Transfer Station 30 
17 Rockland County SWMA Ramapo (Hillburn) TS 31 
18 1 Compaction (Waste Management of NY) 33 
19 Goshen Transfer Station 33 
20 Recycling Industries Transfer Station LLC (Covanta) 35 
21 Orange County Transfer Station No.1 (New Hampton) 36 
22 Westchester County South Columbus Ave TS 37 
23 Harlem Valley Transfer Station 44 
24 UCRRA New Paltz Transfer Station 49 
25 Waste Management - Ulster Transfer Station 53 
26 Orange County Transfer Station No.3 (Port Jervis) 56 
27 Sullivan County TS/MRF Monticello 62 
28 UCRRA Ulster Transfer Station 68 





Table A.2 – Existing transfer station in Region 8* 
No. Name of transfer station  Distance (mile)** 
1 Shanks Enterprises Inc Transfer Station 9 
2 ALPCO Recycling Facility 22 
3 Center Point Transfer Station Inc 24 
4 Silvarole Material Recovery Facility 25 
5 Monroe County RRF Transfer Station 30 
6 EcoPark & Rochester Transfer Station 32 
7 Reading Transfer Station 33 
8 JC Fibers Inc 35 
9 Scofield Transfer and Recycling Inc 40 
10 Greece (T) Transfer Station 43 
11 Selleck Road T.S. 57 
12 B&H Rail Transfer Station 68 
13 Chemung County Transfer Station 90 
*NYDEC (New York State Department of Environmental Conversation). 2016. List of Active 
Permitted Transfer Stations. <https://www.dec.ny.gov/docs/materials_minerals_pdf/tslist.pdf> 
** Distance = On-road distance between potential siting point for the pretreatment plant and 
existing transfer station. (Google map was used to calculate the actual road distance between two 







Table A.3 – WWTPs in Region 3 
Facility 
Name 

















Harriman  Orange small 1.5 0.9 50 Unknown Centrifuge Land Apply 
Rockland  Rockland large 29 19 34 Yes Centrifuge Compost 
Suffern Rockland small 1.8 1.5 17 No Centrifuge Compost 














Westchester small 1.5 1.4 7 Unknown Belt Filter 
Press 
Compost 
According to Wightman and Woodbury (2014): small plants      (1-10 MGD) 
      medium plants (10-15 MGD) 













Table A.4 – WWTPs in Region 8 


















Avon Livingston small 2.8 0.8 72 Unknown Dry beds Store On-site 









Hornell Steuben small 4.0 2.5 38 Yes None Land Apply 




 [1] NYDEC (2018). Biosolids Management in New York State 2018 edition. 
<https://www.dec.ny.gov/docs/materials_minerals_pdf/bsmgmt2015.pdf> 
[2] insinkerator. (2011). U.S. Wastewater Treatment Plants with Anaerobic Digestion. 
 < https://secure.img1-fg.wfcdn.com/docresources/985/29/295046.pdf> 












Table A.5 – Digestate processing costs for nutrient recovery 











Flocculation 62,146 1.09 >95 - - 
 Sedimentation 21,130 - 50-70 - Liquid fraction and 
solid fraction 
 Screw press 43,502 0.3  10-62%DM 5-25 Liquid fraction and 
solid fraction 
(75-90%) 
 Belt press 93,220-155,366 1.8 $/ton 
(or) 2.5% of 
the invest cost 




124,293 0.75-2.86  20-60 13-29 Liquid fraction 








 Solar drying  - - 0.6-3.5 ton of 
waster/m2 
- dried digestate and 
condensate 





500,000-621,000 3 to 10 per kg 
N removed 
60-90 60-90 liquid ammonia 
(25-35% ammonia) 
and ammonium 




for 1,000 sow 
farrow-to-finish 
operation (or) 
15,585 per year 
24,4646 per 
year or 
(5% of capital 
cost) 
Phosphorous 
(up to 80%) 
and N  
(20-30%) 
- Struvite crystals 









310,732 1.24-6.84 50% of the 
total digestate 
is purified  
90% OM Permeate or pure 
water and a nutrient 
rich liquid phase 
Plana (2016) Digestate distribution in large biogas plants: Storage and Transport 





Table A.6 – GHG emissions and avoided GHG emissions from different WtE technologies  
Description 
 





Avoided GHG  
 (net saving) 
emission 
(kgCO2 eq.)  
References 
 
Landfill (Baseline)    
Landfilling of food waste 508  [1a] 
Landfilling of food waste 
(Electricity production from LG) 
914  [1b] 
Landfill (no electricity generation) 408  [1c] 
Landfill of sewage sludge and food waste 1533  [1d] 
Landfill (bananas, grilled chicken, iceberg 
lettuce, stewing beef and wheat bread) 
1900  [1d] 
Animal Feeding    
Animal feeding (dry feeding:22% moisture) 200 96 [2a] 
Dry feed (FW)  -126 [2b] 
Dry feed (FW) 32.5  [2c] 
Wet feed(FW)  -48 [2b] 
Animal feeding (wet feeding:69% moisture) 61.2 -284 [2a] 
Wet feed  -130 [2d] 
Anaerobic digester    
AD of food waste+ avoided of landfill of 
FW 
30.88 -478.01 [3a] 
AD of food waste+ avoided of landfill of 
FW + Digestate spreading 
 -492.55 [3a] 
AD of food waste + Electricity+ biosolids 
spreading to agriculture land 
86  [3b] 
AD of food waste 
(electricity production, and heat and 
digestate utilization) 
211 31 [3c] 
AD of sewage sludge and OFMSW & 
Landfill 




AD of sewage sludge and OFMSW & 
Compost 
90 -460 [3d] 
Co-digestion with manure and food waste 





AD of food waste+ Electricity+ Digestate is 
composted for soil improvement+ residue is 
sent to a WTE incinerator 
185  [3f] 
AD of food waste   -465 [3g] 
AD of food waste  -49 [3h] 
AD of (bananas, grilled chicken, iceberg 
lettuce, stewing beef and wheat bread) 
 -550 [3i] 
WWTP with AD structure    
ACoD of food waste+ sewage sludge + 
Electricity+ biosolids spreading to 
agriculture land+ garbage sends to landfill 
76  [3a] 
Co-digestion with sewage sludge 
(reused heat for digester) 
259  [3b] 
Composting    
Composting 123 -89 [4a] 
Composting mixed waste 166-175  [4b] 
Centralized composting (FW+ Garden 
waste) 
108  [4c] 
Home composting (FW+ Grass waste) 91  [4c] 
Composting (Enclosed Tunnel) +soil 
improvement in agriculture contexts  
204  [4d] 
Composting (Enclosed Windrow) +soil 
improvement in agriculture contexts 
206  [4d] 
Composting food waste  -335 [4e] 
Composting 270  [4f] 
Machine Integrated Composting 45.3  [4g] 
Windrow Composting 5.06   
Composting  43 [4h] 




 0% of fertilizers and 100% of digestate 
used 
63.64  [5] 
50% of fertilizers and 50% of digestate used 70.95  [5] 
100% of fertilizers and 0% of digestate used 78.19  [5] 
Digestate spreading (avoided of chemical 
fertilizer) 
 
 -14.54 [5] 
Transportation    
 Distance from collection point to AD plant: 
50 km (31 mile) 
21.44  [5] 
Distance from collection point to AD plant: 
100 km (62 mile) 
30.98  [5] 
Distance from collection point to AD plant: 
200 km (124 mile) 
50.06  [5] 
[1] a.Perez-Gamacho et al (2017), b.Kim et al (2011b), c.Righi et al (2013), d.Eriksson et al (2015) 
[2] a.Kim et al (2011b), b.Takata et al (2012),c. Lee et al (2007), d.Eriksson et al (2015) 
[3] Perez-Gamacho et al (2017), b.Edwards et al (2017), c.Kim et al (2011b), d.Righi et al (2013), e.Ebner 
et al (2015), f.Thyberg et al (2017), g.Wrap (2013c). h.Takata et al (2012), i.Eriksson et al(2015),  
[4] a.Kim et al (2011b), b.Lou et al (2009), c.Edwards et al (2017), d.Thyberg et al(2017), e.Wrap 
(2013c), f.Lee et al (2017), g.Takata et al (2012), and h.Eriksson (2015) 
[5] Perez-Gamacho et al (2017) 
All the results were adjusted to have the same unit of 1 t of food waste.  
• Ebner et al (2015), FU: 1 tonne of mixed wastes (food waste + manure), Base line: Conventional 
treatment of food waste and manure (w/o electricity) 
• Edwards et al (2017), FU: 1 Mg of mixed wastes (garbage waste, FW, garden waste and sewage 
waste) 
• Eriksson et al (2015): 1 kg of food waste 
• Kim et al (2011b), FU: 1 tonne of food waste: Baseline: Landfilling 
• Lee et al (2007) 
• Lou et al (2009), FU: 1 ton of mixed waste 
• Perez-Gamacho et al (2017), FU: 1 MWh of electricity: Base line: Avoided of electricity utilization 
from UK Grid electricity. 4.5 ton of food waste was used to produce 1MWh. 
• Righi et al (2013), FU: 3000t of biodegradable waste fraction (1000 t of OFMSW and 2000 t of 
sewage sludge) 
• Takata et al (2012) 





Appendix B: Chapter 3: Supplementary Information 
 
Table B.1 – Summary of inputs and outputs from food waste at RIT 
Inputs 
15,401 Undergraduate enrolled students  
3,205 Graduate enrolled students 
0.026 FW MT/enrolled undergraduate students 
0.005 FW MT/enrolled graduate students 
416 Total food waste identified (MT/year) 
Outputs 
Biogas Available 
~400 m3 CH4/ MT VS 
43,000 CH4 production potential (m
3 CH4/year) 
1.5 Million ft3/year: Direct use of biogas  
Energy (electricity) available 
 
1650 Total energy available (GJ) 
18 Gas engine size (kW) 
160 MWh: Electricity generation (EC) 
546  Million BTU/year 
Efficiency and conversion factors 
35% Electricity efficiency 
50%  Boiler Efficiency (from CHP unit) 
85%  Overall CHP system efficiency  
85% Standalone Boiler Efficiency  
38.3* MJ/ m3 CH4  
277 kWh/GJ 
6.1 kWh/m3 Biogas 








Table B.2 – Design parameters for proposed anaerobic digester 
Design parameters  Unit Value 
Food waste Metric tons/day 2 
Water gallons/day 304 
Total solids (TS) % 15 
Moisture content (MC) % 85 
Temperature ◦C 35 
Hydraulic retention time (HRT)  days 30 
Organic loading rate (OLR) kg VS/m3/day 0.5 
Digester volume  m3 187  
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Appendix Table C.1 – Summary of U.S. Institutions with WCO-to-Biodiesel and Soap programs 















Boone, NC NA NA NA House heating 
systems and farm 
equipment 




Carlisle, PA WCO from 
dinning 
services 
5,000 gal Students manage 
production operation  
NA Produce soap for 
campus bathrooms and   
used in composting 
Loyola 
University 






10,000 gal Student-run 
enterprise. First and 
only university 
operation licensed to 
sell biodiesel in U.S. 
and a certified green 




B100 (55-500 gal) 
is available for 
sale and also 
utilized in campus 
shuttle buses and a 
























mix (i.e., 20-33% 
biodiesel and 67-

















NA Conduct biodiesel 




Two fleet vehicles 














that met ASTM 
standards for vehicle 






and space heating 
appliances  
Crude glycerol 
purified to produce 








Table C.2 (a) – Price per gallon of High quality liquid soap  
Assembly 
Process 
Input Amount Unit ($) 
Cost/unit  




DE foaming Agent  0.003 kg 3.5 0.01 
Lye-KOH 123 kg 1 123.00 




Virgin Vegetable Oil 210 kg 7 1470.00 
Electricity (15kW-5hours) 75 kWh 0.09 6.75 
Labor  6 hours 12.5 75.00 
  Transportation Cost (4.5 miles per trip)     1.50 
  Total Operation cost for 200 
gallons 
      1676.97 
  Liquid soap ($/gallon)       8.38 
 
Table C.2 (b) – Price per gallon of Low quality liquid soap 
Assembly 
Process 






DE foaming Agent  0.003 kg 3.5 0.01 
Lye-KOH 3 kg 1 3.00 
Electricity  
(1.57kW-5hours) 
7.85 kWh 0.09 0.71 
Labor Cost 4 hours 12.5 50.00 
  Transportation cost 
(4.5 miles per trip) 
      1.50 
  Total Operation cost 
for 60 gallons 
      55.22 
  Liquid soap 
($/gallon) 










Table C.2 (c) – Price per gallon of Waste cooking oil soap 
Assembly 
Process 







Lye-KOH 120 kg 1 120 
Electricity (15kW-5hours) 75.00 kWh 0.09 6.75 
Labor Cost  6 hours 12.5 75 
  Transportation cost  
(4.5 miles per trip) 
      1.50 
  Total Operation cost for 300 
gallons 
      201.75 
  Liquid soap ($/gallon)       0.81 
 
Equation C.1 – Discounted Net Present Value 
 
Option 1: RIT sells all its waste cooking oil to Baker Commodities Inc.  
[1] Net Profit = Number of WCO produced * Market price of WCO  
                       = 1,000 gallons * 0.5 ($/gallon) = $500 
 
Option 2: RIT produces and sells Biodiesel+ Crude Glycerol 
Input: Waste Cooking Oil = 1,000 gallons 
[2] NPV = - Capital+ (Profit from Biodiesel Production + sale of crude glycerol) 
 
[3] NPV = -Equipment cost + 
∑
{(No.  Of B100 produced ∗ (Market price − RIT  price)} + (Market CG price ∗ No. Of CG produced)


















t=10  ] 2024 
   = -10,000 + [1,134+ 894+ …] = -$2,450 
 
Option 3 (a) RIT produces and sells Biodiesel + Low quality soap 
            3 (b) RIT produces and sells Biodiesel + High quality soap 
Input: Waste Cooking Oil = 1,000 gallons 
Low quality soap, Equipment cost   = $49,000 





[4] NPV = - Capital + (Profit from biodiesel production + profit from soap production)  
 
[5] NPV = - Equipment cost + 
∑


















t=10 ] 2024  
=-$49,000+ $6545+ $5813+…  
=   -$4875 
 
Option 3(c) RIT produces and sells Waste cooking oil Soap 
[6] NPV = -Capital + (Number of WCO liquid soap produced * Profit from the sale of WCO 
soap) 
[7] NPV = -Equipment cost + [ ∑
(No.Of WCO liquid soap∗sale of WCO)
(1+Discount rate)t
 Tt=1 ] 








t=10  ] 2024  
 =   -$15000 + $6,818+…= $31,084 
 
Discounted Payback Period 




i = discount rate 
n= a period to which the cash inflow relates 
 




A = Last Period with a negative discounted cumulative cash flow 
B = Absolute value of discounted cumulative cash flow at the end of the period A 
C = Discounted cash flow during the period after A 
 
[10] Option 2: RIT sell Biodiesel+ Crude Glycerol 
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Table D.1– Determination of corrected protein content in BSFL (FW) 
 
 g TS sample/  
g TS BSFL 
g N / 





g TS BSFL 
% N sample/ 
g TS BSFL 
Chitin 8.72%a 6.89%a  0.006c 3.8 % 
Body 91.28% 16.0%b 6.25 0.076c 47.5%f 
BSFL (FW) 100%   0.082d 51.3%g 
aDiener et al.,2009. 
bTkachuk et al., 1969. 
cCalculated 
dMeasured  
fCorrected to substract out N content in non-protinacious chitin 
gUncorrected protein content 
Measured Nigrogen Content: BSFL (g N/ g TS BSFL) = 0.082 
Chitin (g chitin/ g TS BSFL) = 6.89 %N x 8.72 = 0.006 g N chitin/ g TS BSFL 
Body (g body/ g TS BSFL) = 0.082 – 0.006 = 0.076 g N body / g TS BSFL 
Chitin-corrected protein content of BSFL = 0.076 x 6.25 (nitrogen conversion factor) = 47.5 % 
 
 
Table D.2 – BSFL substrate characterization with chitin-corrected protein content 
(% DW, dry weight). 
 
Substrates Composition of solids (DW)  
% ash 
/TS 
% crude fat 
/TS 







BSFL (FW) 4.3 38.5 47.5a 1.0 8.72c 
BSFL (CF) 7.8 41.6 34.4b 7.5 8.72c 
a,b Crude protein of BSFL was corrected according to the theoretical nitrogen content in chitin 
(6.89% TS).(Yang et al., 2014). 



















Crude protein (%) 43.2 43.6 31.9-46.3 34.4 47.5  
Crude fat (%) 28 33.1 NA 41.6 38.5 
Carbohydrates 12.2 7.8 NA 10.1 6.8 
Ash 16.6 15.5 NA 7.8 4.3 













Table D.4 – Analysis of bio-methane potential of selected energy crops and algae compared with BSFL. 
Feedstocks Biomass yield  










Energy crops     









Allen et al. (2015) Maize silage 19.1c 394 7297 
Grass Silage (midlands) 11c 400 4030 
Algae     
U.lva lactuc 26VS 162-271 4,200-7,000 Buhun et al. (2011)  
S.Latissima 30VS 341 10,244 Allen et al (2015) 
Manure - 273 - This study 
Food waste 4,050 449 1,800,000 This studyd 
BSFL 530  671 340,533 This study 
Residue 3,285 502 1,533,635 This study 
BSFL composting system 
(BSFL+Residue) 
4,050 - 1,874,168 This study 
All the above values based on the dry matter. MT: metric tons; VS: Volatile solids. 
a %TS =33.8, %VS = 31.4%, (Mayer et al,2014) 
b %TS=22.77, %VS= 22.14,   
c %TS=33.48, %VS=32.46 & d %TS=17.85, %VS=16.42 (Allen et al, 2015) 






Table D.5 – Yields of BSFL biomass, larval oil, and biodiesel from BSFL grown on organic 
waste (%VS basis). 
 








yield, %  










Food wastea 62 25.0 40.0 23.2e N.M This study 
Digester effluentb 14.35 3.4 
 
 
23.4 3.2 94.9 Li et al., 
2015 
Cattle manurea 127.6 60.4 29.9 35.6 93 Li et al., 
2011 
Pig manurea 207.4 98.5 29.1 57.8 96 Li et al., 
2011 
Chicken manurea 327.6 39.6 30.1 91.4 93 Li et al., 
2011 
Solid residual 
 fraction of 
restaurant waste 
(SRF)d 
64.9±2.3 25.4± 3.5 39.2±1.9 23.6±0.
5 
93.1 Zheng et 
al., 2012 
a62 g of insect biomass was produced from 1600 grown on 1000 g of restaurant food waste & 
average lipid yield is considered 40% based on this study. 
b14.35 g of insect biomass was produced from 500 BSFL grown on 500 g mixed feedstock of 
biogas residue from corncob 
c Insect biomass was produced from 1000 BSFL grown on 100 g of organic waste (i.e. cattle 
manure, pig manure and chicken manure) 
d Insect biomass was basded on 1000 BSFL grown on 1000 g of SRF 
Larvae yied (%)  = 
Extracted lipids (g)
Total insect biomass(g)
  x 100       
Biodiesel yield (%) = 
Biodiesel (g)
Total larvae grease (g)
 x 100         














Equation D.1 – Bio-methane potential of Chitin 
 
The volume of of biogas and the concentration of methane and carbon dioxide in Chitin are 
calculated using the Buswell equation based on the content of C, H, O, N and S. 
 



































Chitin: (C8 H13O5N) n 

































) 𝐂𝐎𝟐+ NH3 
 
C8 H13O6N + 3 H2O → 4CH4 + 4CO2 + NH3 
  1 mol Chitin → 4 moles CH4 
 
The molar ratio for CO2 and CH4 is 4:4, hence the gas compositon is 50% CO2 and 50% CH4. 
Molar mass of C8 H13O5N = 8x12 + 13x1 + 5x16 + 1x14 = 203 g/mol 
Volume of methane = V = 
nRT
p
 : where p = absolute pressure of the gas (atm) 
         V = volume (L) 
        n = 4 mol 
        R = 0.08205747 L atm K-1 mol-1 
        T = 273.15 K 
    V = 89.655 L 
Bio-methane yields of chitin = 
89.655
203
 = 0.441 m3 CH4 /kg Chitin 
  
      = 441 mL CH4/ gVS Chitin 
Equation D.2 – BSFL production system 
 
Diener et al. (2009): 145g of prepupal BSFL biomass (TS) per square meter per day.  
=1.45 tTS/ hectare x 365 days = 530 tTS/ hectare/year;  
= 530 tTS x 95.75% tVS/tTS = 507.5 tVS x 671 m3 CH4/ tVS; 
= 340,533 m3 CH4/hectare/year  
≈ 340,000 m3 CH4/hectare/year (BSFL) 
 
Equation D.3 – Food waste loading capacity of BSFL production system 
Diener et al. (2011): 4.6 kg of food waste (FM) per square meter per day. (1.15 kg (TS)) 
= 11.5 tTS/ hectare x 365 days = 4,198 tTS/ hectare/year;  
= 4,198 tTS x 96 % tVS/tTS= 4,030 tVS x 449 m3 CH4/ tVS; 
=1,809,470 m3 CH4/hectare/year 








Equation D.4 – BSFL and residue from the composting system  
Residue 
 = 1.15 kg (TS) x (1 - 0.19) [19% waste reduction]  
= 0.9 kg of residue per square meter per day; 
= 9 tTS/hectare x 365 days = 3,285 tTS/ hectare/year;  
= 3,285 tTS * 93% tVS/tTS = 3055 tVS *502 m3 CH4/ tVS; 
= 1,533,635 m3 CH4/hectare/year (residue) 
 
Total methane production from the system  
= 340,533 m3 CH4 (BSFL) +1,533,635 m
3 CH4 (residue) 
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Table E.1 – Efficiency and energy inputs for boiler and CHP system 
Description Parameter Unit Value References 
Caloric value      
LHV of food waste LHVFW MJ/kg 5.41 [1] 
LHV of manure LHVM MJ/kg 4.16 [2] 
LHV of biogas LHVBG MJ/m
3 22 [3] [4] 
LHV of bio-methane  LHVBM MJ/m
3 34.3 [3] 
LHV of natural gas  LHVNG MJ/m
3 36.0 [4] 
Energy Data 
Energy content of biogas   kWh/m3 6.5 [4] 
Energy content of CH4  kWh/m
3 9.5 [4] 
Energy content of  NG  kWh/m3 10 [4] 
Density of biogas   kg/m3 1.2 [5] 
Density of CH4  kg/m
3 0.83 [5] 
CH4 content in Biogas  % 60 This study 
CH4 content in CNG
a  % 98 [6] 
Fuel conversion  m3/GGE 3.83 [7] 
Energy conversion efficiency  
Boiler efficiency b ȠB % 85 [4] 
CHP efficiency c ȠCHP 
 (overall efficiency) 
% 88 [8] 
CHP Thermal Heat ȠCHP-H % 40 [8] 
CHP Power  ȠCHP-P % 48 [8] 
Biogas upgrading  unitd ȠBGUG 
 
% 90 [9]  
[1] Ogwueleka et al.(2010). 
[2] Echiegu et al.(2013). 
[3] Hosseini et al.(2014). 
[4] Banks (2009). 
[5] Biogas Data on Biogas-Sweden (2007). 
[6] Persson (2014), Sun et al. (2015) & Jensen (2013). 
[7] https://www.afdc.energy.gov/fuels/fuel_comparison_chart.pdf 
[8] Poschl et al. (2010). 
[9] Sun et al. (2015). 
a In USA, minimum CH4 content in biogas for transportation fuel is in the range of 93.5 and 95.5 (Sun, 







2010). According to the California Air Resources Board, minimum CH4 content for transporting fuel is 
88. In this study, 98% of methane content is used for both grid injection and transporting fuel. 
b Assuming that 15% of waste heat is lost from biogas-to-boiler generation. 
c Assuming that 85% of waste heat are available to recover to use in boiler, 50% of waste heat are used at 
boiler and 15% of heat is lost.  
Calculating the electricity and heat generation in Boiler and in CHP units is the scale-dependent energy 
conversion efficiency. The efficiency of electricity and heat conversion was used based on the data 
provided by [4].  
d On average, biogas upgrading efficiency (%) is between 89.2 and 94.4 for all the biogas upgrading 







































Table E.2 – Capital cost and operation and maintenance costs of large-scale anaerobic digester 
scenario 
Description Unit Distribution Low Mode High 
Capital costa 
LSAD+Bioler 






$/t Triangular 110 220 331 
Annual O&M costc 
LSAD+ Boilers 




Annual O&M costd 
LSAD+CHP 
$/t Triangular 55 110 
 
165 
Capital cost of WWTPe $/gallon 
(influent) 
Constant  0.54   




Constant 1.10   
Biogas upgrading costg $/m3 Constant 0.6 Gas injection 
(including O &M costs)  Constant 0.8 Transporting fuel 
Capital cost of new transfer 
station + 
pretreatment equipmenth  
$/t Constant 139 
        
  
Operation & Maintenance 
costsh 
$/t Constant 17   
Land cost (AD) $/acre Constant  45,000   
Land cost (Compost) $/acre Constant 90,000   
aAssuming that capital cost of AD+Boiler is less than 36% of total capital costs of AD with CHP. 
Construction and installation of AD system are excluded.  
bBeddoes (2007) & Moriarty (2013). 
cAssuming that the ratio of operating to capital costs in boiler systems is 0.2. WSU (2015), pg. 3. 
dMoriarty (2013), & RWI (2013). 
eWright & Woodbury (2014) & Wong (2011). 
fMolinos-Senante et al. (2010) 
g Beddoes et al. (2007) & Rotunno et al. (2017). 
h Personal communications  
h Oneida-Herkimer Solid Waste Authority (2017). Capital cost includes construction cost of new facility, 
processing equipment and sanitary sewer upgrades. O & M costs include O&M costs of equipment, costs 











Table E.3 – Capital, operation and maintenance costs of low volume anaerobic digester  
(input rate: 5,500 ton/year) 
Description Unit Boiler CHP CNG 
Capital cost 
 
$/t 496a 606b 827b 
Annual O&M cost 
 
$/t 5c 18d 17 
Assuming Capital investment, O & M costs are used based on input capacity of 5,500 tons/year. 
a Capital cost of AD with boiler is assumed to be 2% less than the cost of AD with CHP. 
b Capital cost of AD with CHP and CNG are assumed based on the personal communication with 
equipment manufacturer.  
C Assuming that O&M costs of Boiler are 1% of the predicted capital cost 
d Martin (2007) O&M costs of Boiler are 3% of the predicted capital cost 
e Warren (2012) O&M costs of CNG are 2% of the predicted capital cost 




Table E.4 – Investment cost ($/t (fresh)) for different composting process   
 Aerobic Composting Processes 
 Turned Windrows Aerated Static Pile In-Vessel 
Capital costa 
 
4a -  10b 19 – 31c 88 – 121d 
O& M costb 13b 22b 61e 
Total ($/t) 18-23 41-53 149-182 
Technology Low capital cost 
High labor cost 
Moderate capital cost 
Moderate labor cost 
Higher capital cost 
Lower labor cost 
 aRBS (2017).  
b van Haaren (2009)  
cCentralized composting. <http://www.refed.com/solutions/centralized-composting> 
dEPA (2012) Food scrap recycling: A Primer for Understanding Large-Scale Food Scarp Recycling 
Technologies for Urban Areas 












Table E.5 – Market price of by-products  
Description Parameter Value Unit 
Green Compost 
(green waste + FW) 
Pgc 8 $/t 
Whole digestate (Food 
waste based) 
Pdg 10 $/t 
 
 
Table E.6 – Tipping fees 
Description Parameter Unit Distribution Low Mode  High 
Transfer 
stationa 
ptip-ij $/t Constant 37   
ADb ptip-jk-AD $/t Triangular  39 50 66 
Compostb ptip-jk-C $/t Triangular 22 39 55 
Landfill ptip-jk-LF $/t Triangular 31 61 116 
       
a RES (2017) Compost Feasibility Study. 
b Moriarty (2013), Intelligence, R. W (2013) & Levis et al. (2010). 
c Onedia-Herkimer Solid Waste Authority (2017). 

























Table E.7 – Calculation of transportation  
Description Unit Value Reference 
Estimated travelling distance per 
load (round distance)1 
miles 100 1 
Fuel efficiency of heavy-duty 
truck fleets (FHWA classes 7 and 
8)2 
miles per gallon 4.5 2 
Fuel surcharge $ 3.5 3 
Average Truck load size  Gallon 8000 1 
Fuel consumption  Gallon per truck 22.2 - 
Fuel cost  $ per trip 77.78 - 
Estimated total loading and 
unloading time 
hrs 5 1 
Estimated total loading and 
unloading cost 
$/hr 75 - 
Total labor cost $ 375 - 
Total transportation cost  $ per trip 452.78 - 
Total cost per mile $/mile 4.58  
Total cost per gallon-mile $/gallon-mile 0.001 - 
Total cost per gallon $/gallon 0.06  
Total cost per metric ton $/t 2.0  
1.  Personal communication with anaerobic digesters operators 
2. Schoette (2016).  





















Table E.8 – Assumptions on the parameters used for financial model  
(All units are metric ton wet basis unless stated) 
Description Unit Value Source 
Expected maturity date  year 5,10 Own assumption 
Inflation Rate  % 3 Own assumption 
Internal rate of return (IRR)  % 10 Own assumption according to [1] 
Tipping Cost (AD)  $/t 50 [2] & [3] 
Tipping Cost (Compost)  $/t 39 [4] 
Price of Electricity   
(Commercial price) 
$/MWh 16.07 EIA [5] U.S Electricity Commercial Price in New York, Sep 2018 
Price of Electricity 
 (Wholesale  price) 
$/MWh 7.1 EIA [6] U.S Electricity Commercial Price in New York, Sep 2018 
Price of Biogas  
(Commercial price) 
$/GJ 4.74 Own calculation according to data by EIA [7] U.S Natural Gas 
Commercial Price in New York (Sep 2018) 
Price of Biogas 
 (wholesale price) 
$/GJ 1.80 Own calculation according to data by EIA [7] U.S Natural Gas 
Commercial Price in New York (Sep 2018) 
RIN value   $/RIN 1.84  [8] 
RFS $/MMBtu 23.9  Own calculation according to [8] 
 
PTC $/kWh 0.012 [9]  
LCFS $/MMBtu 5 [10]  
Carbon Credit  $/ton CO2 eq. 15.17 [11] 
Sale of Green compost  $/t 8.9 Own calculations according to [12] and [13] 
 Sale of Whole digestate 
(FW)  
$/t 7.7 









Sale of solid digestate $/t 0.6 
Sale of liquid digestate $/t 2.0 
Saving from animal bedding $/t 9 Own assumptions according to [14] & [15] 
 
[1] O’Sheal et al. (2017) 
[2]Moriarty (2013) 
[3] Intelligence, R. W (2013) 
[4] Onedia-Herkimer Solid Waste Authority (2017) 
[5] USEIA (U.S. Energy Information Administration). Average Price of Ultimate Customers by End-Use Sector (Sep 2018)  
      Available from < https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_5_6_a> 
[6] USEIA (U.S. Energy Information Administration). Regional Wholesale Markets: Sep 2018 
      Available from <https://www.eia.gov/electricity/monthly/update/wholesale_markets.php#tabs_wh_price-1> 
[7] EIA. (U.S. Energy Information Administration). Natural Gas Prices. US (Sep 2018) 
      Available from <https://www.eia.gov/dnav/ng/ng_pri_sum_dcu_nus_m.htm> 
[8] WEF (2016]: [77,000 BTUs per advanced biofuel RIN] & $1.84/RIN x RIN/0.077 MMBtu = $23.9/MMBtu 
[9] Renewable Electricity Production Tax Credit (PTC) 
Available from <https://energy.gov/savings/renewable-electricity-production-tax-credit-ptc> 
[10] Pesinova et al (2017): 
 Available from <https://www.epa.gov/lmop/upgrading-landfill-gas-pipeline-gas-and-vehicle-fuel-webinar> 
[11] Carbon credits: Available from <http://calcarbondash.org/> (November 29)  
[12] Wrap (2013a)  
[13] Wrap (2013b) 
[14] WSU (2015) 










Table E.9 – Cost estimates of different technologies of the large-scale anaerobic digester  
(*Input capacities are displayed in imperial units)  
 Name & Location of 
facility 
Type of waste Type of technology Input capacity 
(tons) 











     Energy Digestate 
/Compost 
   
1 Surrey Biofuel  
Surray, 
BritishColumbia1 
(SSO) Food waste, 
yard trimmings 














kWh + 35542 
GJ 
16,000 ton 30.8 385 43,000 
3 Long Island, NY3 Food waste Wet AD+ 
Compost(Windrow) 











4 Charlotte, NC Food waste Wet AD+ 
 screw press separator 
115,000 
 








27 235 - 
5 Noblehurst 
Linwood, NY 
Manure + pre- (65%) 
& post-consumer 










3.5 524  
6 Syngery LLC 
Pavillion, NY 
Maure+FOG+Indust
rial liquid waste 





1.4 MWh 160,00 yd3 7.8 53 10,000 
  Average   334  
Min   50  








[2] https://www.biocycle.net/2016/02/16/anaerobic-digest-58/ &  
http://compost.org/English/PDF/WRW_2015/AB/Edmonton_High_Solids_AD_Project_A_Yee.pdf 
[3] Long island: https://www.nytimes.com/2017/02/15/magazine/the-compost-king-of-new-york.html &  
https://www.usbiopower.com/organic-energy/anaerobic-digester 




[6] Synergy Biogas LLC: https://www.americanbiogascouncil.org/2017projectprofiles/synergy%20biogas.pdf 
Exchange rate:  $1 Canadian Dollar = 0.80 US Dollar 
 
 


















Pittsfield, MA 17 12 29 1.84 0.108 
Fairhaven, MA 5 3 46 8.06 1.656 
Essex Junction, 
Vermont 
3.3 2 39 0.34 0.106 
Gloversville-
Johnstown, NY 
13 7 46 11 0.840 
Nashua, New 
Hampshire 
16 12 75 11 0.719 
Sheboygan, 
Wisconsin 
18 11.6 65 1.3 0.075 
NY     0.260 
 Average ~0.538 







Table E.11 – Estimated biogas-upgrading cost 
Upgrading technology Cost per m3 of upgraded 
biogas ($/m3) 
Reference  
Pressure Swing Adsorption (PSA) 0.36 [1] 
 0.15 - 0.22 [1] 
 0.15 - 0.30 [1] 
 0.29 [2] 
 0.35 [3] 
Range/Average  0.15 - 0.36 (0.26)  
Water scrubbing 0.21 [1] 
 0.15 [1] 
 0.06-0.12 [2] 
 0.14 [2] 
 0.18 [3] 
Range/Average 0.15 - 0.21(0.14)  
Chemical (amine) scrubbing 0.32 [2] 
 0.24-0.39 [3] 
Range/Average 0.24 – 0.39 (0.32)  
Membrane (low pres.) 0.3 [1] 
 0.25 [2] 
 0.17-0.30 [3] 
Range/Average 0.17 – 0.3 (0.255)  
Cryogenic 0.55 [1] 
 0.50 [2] 
Range/Average 0.5-0.55 (0.525)  
[1] Patterson et al (2011) 
[2] Masebinu et al (2015) 
[3] Collet et al (2017) 







Table E.12 –  Example calculations for anaerobic digester development scenario in Region 8 
Energy revenue 
Description Symbol Computation details Value Unit Source of data or assumption(s) 
Institutional food waste 
generation rate  
IFW Reduced by assumed 42% diversion 
from wholesale sector 
54,559  t/yr Organic Resource Locator 
Volatile solids of food 
waste 
VS Empirically derived 25.8 % Current study 
Specific methane yield SMY Empirically derived 459.9 m3 CH4/t VS Current study 
Concentration of methane 
in biogas  
CH4_biogas  60 % Current study according to [1] 
Concentration of methane 
in upgraded biogas 
CH4_Upbiogas  98 % Own assumption according to [2]  
Specific biogas yield SBY SBY = SMY/ CH4_biogas 766.5 m3 biogas/t VS Current study 
Annual biogas output ABGO ABGO = IFW * VS *SBY 10,794,839  m3/yr Current study 
Electrical efficiency of 
CHP unit with biogas fuel 
ηCHP_e  40 % [3] 
Thermal efficiency of 
CHP unit with biogas fuel 
ηCHP_t  48 % [3] 
Biogas calorific value CVbg  22  MJ/m3bigoas  [4] 
CHP electricity 
production 
CHPe CHPe = ABGO*CVbg*ηCHP_e/ 
(3.6*1000) 
26,387  MWh/yr  
Electricity cost  
(Commercial price) 
Ce  16.07 $/MWh EIA [5] U.S Electricity Commercial 
Price in New York, Sep 2018 
Electricity cost savings EC_CHP EC = Ce* CHPe 4,240,453 $/yr  
CHP heat production CHPh CHPh = ABGO*CVbg* ηCHP_t/1000 113,994 GJ/yr  
Biogas value 
(Commercial price) 
BV_C BV = 8.64 $/Mcf / 1.037  
      = 8.33 MMBtu/1.0551 * 
CH4_biogas 
4.74 $/GJ Own calculation according to data by 
EIA [6] U.S Natural Gas Commercial 
Price in New York (Sep 2018) 
Thermal energy cost 
savings 
TC_CHP TC = BV_C * CHPh 540,098 $/yr  
Thermal efficiency of 
Boiler unit with biogas 
fuel 







Heat Production  B_h B_h = ABO* CVbg* ηB_t/1000 
 
201,863 GJ  
Biogas value 
(wholesale price) 
BV_W BV = 3.29 $/Mcf / 1.037  
      = 3.17 MMBtu/1.0551 * 
CH4_biogas 
1.80 $/GJ EIA [7] U.S Regional Natural Gas Prices 
(Wholesale/Spot) 
Sale of thermal energy  TC_B TC_B = B_h* BV_W 364,194 $/yr  
Efficiency of biogas 
upgrading unit 
ηUgbiogas  90 % Own assumption according to [8] 
Biomethane calorific 
value  
CVbm  34.3 MJ/m3biomethane [9] 
Annual Biomethane 
output 
ABMO ABMO = IFW * VS *SMY * ηUgbiogas 5,829,213 m3/yr Current Study 
RNG* production for grid 
injection 
RNGGI RNGGI = ABMO* CVbm /1000 199,942 
 
GJ  
RNG value for grid 
injection 
 (wholesale price) 
RNGGI_W BV = 3.29 $/Mcf / 1.037  
      = 3.11 MMBtu/1.0551 
3.01 $/GJ EIA [7] U.S Regional Natural Gas Prices 
(Wholesale/Spot) 
Sale of RNG for grid 
injection 
Brngg Brngg = RNGGI x RNG_W 589,188 $/yr  
GGE value of biomethane   3.38 m3 Own assumption according to [10] 
Annual transporting fuel 
output 
RNGTF RNGTF = ABMO /3.38 1,724,619 GGE  
RNG value for 
transporting fuel 
(wholesale price) ** 
RNGTF_W  1.12 $/GGE Own assumption according to [11] and 
[12] 
Sale of RNG for 
transporting fuel 
Brngt Brngt = RNGTF* RNGTF_W 1,892,942 $/yr  
 
*RNG= Biomethane 
** Assume that a wholesale price of CNG (GGE) is half of the retail price.  
Conversion factors 1 kWh = 3.6 MJ 
   1 MWh = 1000 kWh 
   1 GJ = 1000 MJ 
   1 MMBtu= 1.037 Mcf 







   1 ft3= 0.028 m3 




                                                                                                                                    
PCH4 = Price of compressed biogas (i.e. 98% CH4) 
M% = CH4 concentration in biomethane  
PCNG = Price of CNG (100% CH4)  
 
[1] Bioprocess Control, 2016. AMPTS II & AMPTS II Light Automatic Methane Potential Test System: Operation and Maintenance Manual. 
[2] Petersson et al (2009) 
[3] Pöeschel et al. (2010) 
[4] Banks (2009) 
[5] USEIA (U.S. Energy Information Administration). Average Price of Ultimate Customers by End-Use Sector (Sep 2018)  
      Available from < https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_5_6_a> 
 [6] EIA. (U.S. Energy Information Administration). Natural Gas Prices. US (Sep 2018) 
      Available from <https://www.eia.gov/dnav/ng/ng_pri_sum_dcu_nus_m.htm> 
[7] EIA. (U.S. Energy Information Administration). Natural Gas Henry Hub Spot Price. 
     Available from < https://www.eia.gov/outlooks/steo/data/browser/#/?v=16&f=A&s=0&maptype=0&ctype=linechart> 
[8] Sun et al (2015) 
[9] Hosseini et al. (2014) 
[10] https://www.engineeringtoolbox.com/fuels-higher-calorific-values-d_169.html 
[11] U.S. Department of Energy. Clean Cities Alternative Fuel Price Report 
https://afdc.energy.gov/files/u/publication/alternative_fuel_price_report_jan_2018.pdf 









Table E.13 – Economic results of Region 3: Anaerobic Digestion Systems (No Incentives) 






 (New centralized AD ) 
Parameter CHP Boiler CHP Fuel Boiler CHP Grid Fuel 
Total Investment cost 
($MM) 
15.90 42.51 52.98 71.55 29.50 43.00 33.15 41.71 
Total Revenues ($MM) 11.46 4.78 11.64 7.15 4.78 7.49 5.13 7.15 
Year 5- 
Net Present Value ($MM) 
30.70 -17.16 8.83 -33.58 -10.39 -13.22 -12.63 -13.08 
Year 10- 
Net Present Value ($MM) 
64.25 12.23 
 
80.49 10.45 3.37 8.22 2.13 7.53 
Year 5- 
Internal Return on 
Investment (%IRR) 
54.83 -14.84 5.26 -17.70 -13.42 -11.55 -14.66 -11.81 
Year 10- 
Internal Return on 
Investment (%IRR) 
59.90 4.66 20.34 2.44 2.25 3.70 1.28 3.50 








Table E.14a – Economic results of Region 8: Anaerobic Digester Systems (No Incentives) 
 Scenario 1 
(WWTP) 
Scenario 2a  
 (CAFO) 
Scenario 2c  
(Landfill) 
 
Parameter CHP Boiler CHP Grid Fuel Boiler CHP Grid Fuel 
Total Investment 
cost($MM) 
10.98 28.38 45.75 30.06 40.07 19.08 27.77 21.43 26.93 
Total Revenues($MM) 7.49 3.18 5.29 3.46 5.06 3.07 4.79 3.30 4.60 
Year 5- 
Net Present Value ($MM) 
19.07 -15.63 -24.58 -16.22 -19.82 -6.79 -8.61 -8.24 -8.52 
Year 10- 
Net Present Value ($MM) 
40.64 -6.46 -9.35 -6.25 -5.25 2.06 5.18 1.26 4.73 
Year 5- 
Internal Return on 
Investment (%IRR) 
50.23 -22.61 -21.92 -22.02 -19.83 -13.58 -11.67 -14.80 -2.99 
Year 10- 
Internal Return on 
Investment (%IRR) 
55.72 -4.88 -4.35 -4.43 3.83 2.12 3.61 1.17 10.45 








Table E.14b – Region 8: Anaerobic Digester Systems (No Incentives) 




 (New centralized AD ) 
Parameter Boiler CHP Fuel Boiler CHP Grid Fuel 
Total Investment cost($MM) 27.41 34.15 46.09 19.01 27.69 21.36 26.68 
Total Revenues($MM) 3.66 7.49 4.60 3.07 4.79 3.30 4.60 
Year 5- 
Net Present Value ($MM) 
-12.75 -4.18 -27.68 -6.72 -8.54 -8.17 -8.45 
Year 10- 
Net Present Value ($MM) 
-2.20 17.39 -14.43 2.13 5.25 1.33 4.80 
Year 5- 
Internal Return on 
Investment (%IRR) 
-18.43 -4.39 -25.22 -13.48 -11.59 -14.71 -11.85 
Year 10- 
Internal Return on 
Investment (%IRR) 
-1.65 9.34 -6.90 2.20 3.67 1.24 3.47 









Table E.15 – Region 3  New Centralized Composting 
 Scenario 3 
 
Parameter Turn Windrow Aerated Static Pile In-Vessel 
Total Investment cost($MM) 17.74 20.95 34.71 
Total Revenues($MM) 5.01 5.01 5.01 
Year 5- 
Net Present Value ($MM) 
4.4 -0.912 -14.13 
Year 10- 
Net Present Value ($MM) 
16.72 13.51 0.29 
Year 5- 
Internal Return on Investment 
(%IRR) 
5.81 -1.53 -16.08 
Year 10- 
Internal Return on Investment 
(%IRR) 
16.37 11.61 0.17 



























Table E.16 – Region 8 New Centralized Composting 
 Scenario 8 
 
Parameter Turn Windrow Aerated Static Pile In-Vessel 
Capital cost($MM) 11.61 13.67 22.91 
Revenues($MM) 3.22 3.25 3.25 
Year 5- 
Net Present Value ($MM) 
1.27 -0.65 -9.88 
Year 10- 
Net Present Value ($MM) 
10.54 8.73 -0.51 
Year 5- 
Internal Return on 
Investment (%IRR) 
3.74 -1.67 -16.89 
Year 10- 
Internal Return on 
Investment (%IRR) 
15.84 11.50 -0.45 























Equation E.1 Transportation cost  
 
Transportation cost per load ($) = round distance for transportation (miles) x diesel prices 
($/gallon)/fuel efficiency (mile/ gallon)                                                                                       





  = $77.78 per load    
Labour cost = Estimated loading and unloading time (hr) x loading and unloading cost ($) 
                                                                                                     
         = 5 hrs x $ 75/hr = $375                                                                                         
 
Total transportation cost per load = Transportation cost ($) + Labor cost = $452.78               
 
Total transportation cost per mile ($/mile) = $452.78 /100 mile = 4.58                                      
 
Total transportation cost per gallon of food waste ($/gallon) for a distance of 100 miles           
= transportation cost per load ($)/ truck load of food waste (gallon)  
= 452.78 $/ 8,000 gallons 
= 0.06 $/gallon 
 
Total transportation cost per gallon ($/ton) = 0.01 $/gallon x 200 gallon/t35= 2.0 $/t           
 
Weighted transport costs were calculated using the weighted Euclidean distance as follows:      
 
dist (x, y) = √∑ 𝑤𝑖(𝑥 −  𝑦𝑖)   i  
 
x   location of pretreatment station 
yi  location of food waste generator i 
wi  “weight” associated with travel between the pretreatment station and food   
 waste generators i 





                                                          










Total weighted -transportation cost per gallon of food waste-mile ($/gallon-mile)                    
= Total cost ($)/ (Number of shipment (truck load) x average weight of shipment (gallons) x 
average shipping distance (mile)) 
= 452.78/ (1x 8,000 x 100) 
~ 0.001 $/ gallon 
 
This supplementary appendix provides information on many of the underlying assumptions and 
calculations that used in the economic model.  
 
Equation E.2 Biogas/biomethane (CH4) yield of food waste 
 
BMY of food waste = F (tFW) x %VS/FW x   BMY (m
3 CH4/t VSadded)    
    = 1 t of FW x 25.8 % x 459.9 
     = 118.65  
   ≅ 119 m3 CH4 / t FW 
 
BGY of food waste    = 
459.9 m3 CH4 
𝑡 𝑉𝑆
% CH4 in Biogas
        




= 766.5 m3 BG/ t VS 
 
Volatile solids (%VS) of total waste mix (M + FW) = 0.5 * %VSM+ 0.5 * %VSFW             
                  = 0.5 x (8.5%) + 0.5 x (25.8%) 
                 = 17.2%  
Estimation of required amount of co-substrates 
∑SCS (FM) =  
0.15 x Sm −  TSmx Sm
∑TSCS − 0.15
                                                                                              
             
=  
0.15𝑥1  −0.116∗1  
0.27−0.15 
             
=     0.28 t FM/yr         
     
where:  SCS is the amount of fresh matter (FM) of co-substrates (food waste or industrial food  
waste) [t/y] 
SM is the amount of fresh matter of manure [t/y] 















Equation E.3 Compost production rate 
 
Compost production rate was defined by the ratio of compost to bulking material.(Zhang et al. 
2010) 
Compost production rate = 
𝐶𝑃
𝑖𝑛𝑝𝑢𝑡
    = (1- δ) (1- ηw) + δ (1- ηb)      
                                         = (1- δ) (1- ηw) + δ  
                     = (1- 0.3) (1-0.7) + 0.3 
                   = 0.51         
where: 
CP  Compost  
BM Bulk material  
ηw Decrease rate of waste (ηw = 0.5 for livestock, and 0.7 for food waste)  




  ( δ = 0.3) 
 
 
Equation E.4. Potential food waste digestate value 
 
Whole digestate (WD) ($/ton) = [Nitrogen price x Readily Available N in WD] +  
                   [Phosphorus price x Readily Available P2O5 in WD] + 
                   [Potassium price x Readily Available K2O in WD] 
               = [1.48 $/kg N x 5.22 kg N/t WD] + [1.38 $/kg P2O5 x 0.81 kg   
                                                    P2O5/tWD] + [0.86 $/kg K2O x 1.07 kg K2O /tWD]  
              =   8.93 
Liquid digestate (LD) ($/ton) = [Nitrogen price x Readily Available N in WD] +  
                   [Phosphorus price x Readily Available P2O5 in WD] + 
                   [Potassium price x Readily Available K2O in WD] 
              = [1.48 $/kg N x 0.77 kg N/t WD] + [1.38 $/kg P2O5 x 0.05 kg   
                                                    P2O5/tWD] + [0.86 $/kg K2O x 0.88 kg K2O /tWD]  
              =   2.03 
 
Assuming that 80% of the total nitrogen in food-based digestate is present as readily available 










% Phosphorus in P2O5 = 2x molar mass of P/ (2 x molar mass of P + 5 x molar mass of oxygen) 
    = 2x 31g/mol / (2 x 31g/mol + 5 x 16g/mol) 
    = 43% 
 
% Potassium in K2O  = 2x molar mass of K/ (2 x molar mass of K+ molar mass of oxygen) 
   = 2x 39 g/mol/ (2 x 39 g/mol + 16 g/mol) 
= 82% 
 
 
 
